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10 ~NTRODUCT~ON 
1.1 Object and Scope 
The object of the work reported is to evaluate the feasibi lity of 
constructing and using I/16-scale structural models for studies of the behavior 
and strength of reinforced concrete floor slabs and to investigate a new design 
procedure. The investigation began with the construction and testing of 
Structure F4 which was an exact replica of the structure described in Reference 10 
Results of this study led to the construction and testing of Structure fS which 
* was designed by the method developed by Hatcher (2)0 
Studies made on the two test structures are concerned with (a) the 
behavior which oncludes the crack patterns and deflections from zero to ultimate 
load and (b) the strength and mode of fai lure of the structures. 
Chapter 2 is concerned with the description and design of the test 
structures. The construction detai 1s of Structures f4 and f5 are described in 
Chapters 3 and 4 respectivelyo Chapters 5 and 6 present the method of loading 
and instrumentation used in testing the structures. The behavior of Structures 
F4 and F5 as studied is given in Chapters 7 and 8 respectively. Chapter 9 dis-
cusses the strength analyses used on each of thestructureso Comparisons with 
1/4-scale structural models bui It and tested previously at the University of 
~ l1inois are made in Chapter 100 
This investigation began as a result of the recent 1/4-scale floor 
slab studies made at the University of ~ !lin08s which were made in cooperation 
with several outside agencies. Constructijon and testing the five 1/4-scale 
structures required approximately five years and a great deal of financial 
* All numbers in parenthesis refer to a reference number in the list of 
References. 
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support and manpower. ~t was felt that if 1/16-scale models could be demon-
strated to be of the same use and reliabi lity as the 1/4-scale models v great 
savings could be made. 
With this as a basis to start on D Structure F4 was built and tested. 
Resu!ts obtained were very satnsfactoryv consequentlyp Structure F5 was built 
and tested to evaluate the new design method presented by Hatcher (2)0 
]02 Acknowledgments 
The studies included ~n this report were conducted in the Structural 
Research Laboratory of the tivi 1 Engineering Department of the University of 
~ llino~s under the supervision of Oro Mo Ao Sozen v Associate Professor of Civi 1 
Engineeringo 
The investigation of each test structure was initially sponsored as 
a project under the Nat!onal Sc~ence Foundatnon Undergraduate Research Partici-
pat~on Program o At the termination of these grants the project was sponsored 
by the Department of Civi 1 Engineerijngo 
Structure F4 was bui lt and tested by Manuel Xanthakis during his 
senior year at the Univers!ty of ~11Gnoiso He completed the testing as a 
graduate research ass!stanto Credit is also made to the aid given by Carlos 
Hernandez dur1ng the test preparatnon and testing of Structure F40 This report 
was prepared by Ro Eo Shewmaker as part of his graduate work in elvi 1 Engineering 
at the University of ~11~noiso 
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20 DESCR~PTION OF TEST STRUCTURES 
201 Introductory Remarks 
The first test structure 9 F4 p was a 1/16-scale model of an original 
prototype structure which was designed by the firm of DiStasio and van Buren, 
Consulting Engineers, New Yorko This was the same prototype structure used 
as the basis for the 1/4-scale flat slabs bui lt and tested recently at the 
University of Illinois (2 and 3)0 The prototype was a nine-panel structure 
consisting of three bays in each directiono The discontinuous edges of the 
structure were supported on spandrel beams, two of which on adjacent sides 
were deep, narrow beams which were relatively stiff in flexureo The other 
two adjacent spandrel beams were shallow and wide and~ thus, were considerably 
more flexible than the deep beamso The geometric layout produced symmetry 
about one diagonal of the structureo Further details on the dimensions, design p 
and reinforcement pattern used in the prototype can be found in Chapter 2 of 
Reference 1 or by considering Structure F4 which was identical except for the 
sca leo 
The second test structure» f5 9 was also a 1/16-scale modeL ~ts 
relation to the prototype was only in that the geometric layout of each was 
the same 0 The basis of design used in this model was not Section 1004 of the 
1956 ACI Building Code (4)9 but a method developed by Do So Hatcher in 
Chapter 11 of Reference 20 
202 Description of Structure F4 
The layout of the test structure is shown in Figo 2010 Each panel 
of the nine-panel structure was 15 ino squareo The nominal thickness of the 
-4-
slab proper was 7/16 'i no Drop pane 1 s had a nomi na 1 th i ckness of 5/8 in 0 
Panel and column designations are also shown in fig. 2.1: panels are 
designated by letters and the columns by numbers. 
Dimensions of the spandrel beams, the columns, the capitals and 
other related detai 15 are pre~ented in figs. 2.2 and 2.3. 
Since the test structure represented only one floor of a multi-
floor structure it was necessary to consider the stiffness of columns in the 
prototype to determine a column length to produce approximately the same 
column stiffness as in the test structure. This was accomplished by computing 
the st~ffness of the prototype interior columns above and below the floor 
assuming the far ends to be fixed and the area within the thickness of the 
drop panel to be infinitely stoff. The result of this computati9n was equated 
to the stiffness of a pin-ended column which extended only below the floor a 
length IIlo88 The stiffness calculations were based on plain, uncracked sections 
and the column length 8Rlol for the test structure was defined as the distance 
from the mid-height of the slab to the center of the ball on which the test 
slab columns were supportedo The length of the columns in the test structure 
was determined to be 5-5/]6 ino 
The basis for the des.egn of Structure 1F4 was the 1956 ACI auf lding 
Code (4)0 The slab was designed by the Empirical Method of Section 1004. 
The live load which the slab was proportnoned for was 200 psf with the dead 
10ad being 85 psf~ giving a total design load of 285 psfo The specificed 
concrete strength was 3000 psi v resu~ting nn a permissible concrete stress of 
!350 pS'i 0 The working stress for the reinforcement was 20 ksi 0 Allowable 
shear stress at a distance oado o from the face of the capital was 0025 fD = 75 psi 0 
c 
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The edge beams were designed for a portion of the slab live load 
plus dead load as specified in Section 1004 of the Code plus a uniformly dis-
trnbuted load of 600 plf which included the dead weight of the beam and the 
exteri or wa 110 
All columns were designed for moments as specofied in Section 1004(b) 
of the Codeo ~n proportioning the columns p the compressive steel mentioned in 
Section 1109(d) for which the modular ratno may be doubled was interpreted to 
be a1l of the steel in the column rather than the steel which would be 8n com-
pression in a flexural member 0 ~f the modular ratio had been doubled for only 
one-half of the steel p more steel would have been requiredo To extra bars s 
however 9 were placed in the outside faces of the corner columns and on the 
inside and outsBde faces of the side columns in an attempt to strengthen themo 
figures 202 and 203 present the dimensions and steel arrangement of 
the beams and the columns used in the test structureo The s]ab steel place-
ment diagrams shown in Figso 204 and 205 i l]ustrate the number and 10catnon of 
the bars of 00035 ino diameter wnreo Reinforcement for the columns and beams 
consisted of annealed bright basnc wire with a diameter of 00063 ono Ties and 
stirrups were constructed from the same material only using wore w!th a dDameter 
of 00035 ano 
203 Description of Structure f5 
The general layout of Test Structure f5 was 8dentnca] to the !ayout 
of the other flat slab structureso Ffigure 20] presents a plan voew and a 
section view of the flat slab as well as the designation of ~olumn numbers and 
panel locationso All dimensnons of Structure F5 were identical with those of 
Structure F40 
-6-
As was the case in Structure f4, the columns for this test structure 
were also made a length of 5-5/16 ino from the center of the ball support to 
the mid-heeght of the slabo The procedure used to obtain the .length was 
identical to that used for Structure f40 
The b,as i c des i gn of Structure fS was for the va 1 ue of MoB the sum of 
the positive and negative bending moments p to satisfy staticso This repre-
sented a deviation from the 1956 AC~ BUB lding Code (4) which if the Empirical 
Des i gn Method were used D wou 1 d re.su 1 tin on1 y 72 percent of the tota 1 stat i c 
moment to be used as M 0 The equatnon used to obtain the value of M for total 
o 0 
statics was as fo!lows: 
where 
Wl 1 M (1 :::--
0 8 
M == total static moment 
o 
,;., 
c 1 
~o 
W == tota 1 load on the pane 1, 
c 
2 + ._1 
c2 ) 
c 1 +-
c2 
Ll == span in the direction being considered 
c 1 == the support dnmensions in the direction of II 
(20 1 ) 
c2 == the support dimension in the dfirection perpendicular to Llo 
Equation (201) as presented by Hatcher in Chapter 11 of Reference 2 
is an approximate expression for the total stat8c momento This equation is a 
simplification of the following general expression: 
Z 
c 1 +-
c c 
( 2) (_1) + ( 
c 1 II +-
cz 
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in the range of c/l ratios normally used, the error arising from 
the use of expression (201) instead of (202) is a very small percentage of 
the total static momento 
The derivation of the general expression, (2~2)>> is based on the 
concepts Nichols (8) applied to obtain the total static moment in a typical 
interior panel with circular column capitalso Nichols assumed that: (a) the 
panel is one of an infinite array of identical panels g (b) all panels are 
uniformly loaded, and (c) the shear is uniformly distributed around the per-
imeter of the column capital. As a result of these assumptions the anti-
s~etric internal force (shear) disappears along lines of symmetry. The 
lines of symmetry for the array of panels are the column and panel centerlineso 
For the computation of M for Structure F4~ equation (201) degenerates 
o 
to the following as a result of the square panels and square column capitals. 
The value of M was computed using 285 psf as the total distributed 
o 
load on the structureo Of this 285 psf, 200 psf represented the live load 
and 85 psf represented the dead load. Moments were proportioned to the various 
design strips by the distribution coefficients proposed by Hatcher (2). The 
following table presents the coefficients which are applicable to structures 
of the flat slab type which are usually encountered in practice. 
Strip 
column 
strip 
m i dd 1 e 
strip 
Exterior 
Negative 
Moment 
25 
1 1 
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MOMENTS ~N fLAT SLAB PANELS 
(W~th or Without Drop Panels) 
EXlER ~ OR PANEL 
Positive unterior 
Moment Negat~ve 
Moment 
25 46 
25 18 
~NTER~OR PANEL 
Negatove Positive 
Moment Moment 
46 18 
18 18 
for the moment parallel to the d~scontinuous edge it was proposed 
that the moments be apportioned to the slab and to the beam in proportion to 
their flexural stiffnesso Th~s procedure was used in the design of the wall 
strips adjacent to both the shallow and deep beamso As a result of thisp the 
effect of the deep beam was so great that the moment to be proportioned to 
the slab was only 5 percent of the moment to be carried by the wail stripe 
~n thBs case the minimum amount of reonforcement as specified by Section 
1002(d) (3) of the Code was usedo rhus value ~s 000025bdo The requirements 
for the area of steel were based on f = 1350 psn and f = 20 ksi 0 The loca-
c s 
tion and amounts of the positive and negative slab steel are shown in Fngso 
206 and 207 respectivelyo 
The beams were designed to carry thear proportion of the moment 
parallel to the edge in the wall strfipo ObservatBons from the 1/4-scale test 
structures and Structure f4 ponnted to the fact that the shear-torsion distress 
-9-
observed at the beam-column intersection was critijcal. To attempt to 
alleviate this distress a combined shear-torsion spiral cage reinforcement 
was provided in the region. The spnral was formed in such a manner that 
when the slab began to deflect» the spiral would tighteno Figure 2.8 
presents the location and arrangement of the rennforcement used in the 
beams. The positive reinforcement was carried over the entire length of 
the span in both the interior and externor spans of the beam. Negative rein-
forcement p however, was placed only a dnstance of O.3L from the column center-
lines. The beam steel consisted of annealed bright basic wire with a diameter 
of 00063 in. The spiral was constructed with the material used for the slab 
reinforcement. 
The columns were identical to those used in Structure F4 except 
two bars were removed from the interior face of the side columns and three 
additional bars were placed on the exterior face. Figure 2.9 illustrates 
the column detai 1s and the arrangement of column steel. 
2.4 Relationship Between lest Structures and Prototype 
~n any investigatnon into the behavnor of structural models the first 
question to be raised is whether the model ns representative of its prototype. 
~n the case of Structure F4 and F5 the geometrical layout was identical to 
that of their prototype. Scaling of Hnear dimensions was linear p whereas 
areas were reduced by the square of the nsnear scale factor. loading per square 
area remained the same 9 that is 200 psf on the prototype is represented by 
200 psf on the model 0 
The properties of materIals used nn the construction can be consnd-
ered to have been representative of the properties of materials that would be 
-10-
used in the prototype. The modulus of elasticity and yield point of the steel 
reinforcement used were similar to typical prototype materials. The pertinent 
concrete properties could also be considered as comparable to those of the 
prototype materials. 
-11-
30 MATER~ALS AND CONSTRUCT~ON OF 
TEST STRUCTURE F4 
301 ~ntroductory Remarks 
As noted earloer» the purpose of this structure was twofold: (a) 
to investigate the feasibi lity of bui lding very small scale models with the 
avai lable laboratory faci litoes and to develop a construction technique; 
(b) to determine if the small scale models can predict quantitatively the 
behavior of prototype structureso 
In order for the second objective to be achieved p the first one 
had to be successfully fulfi ~ledo Thus~ it is extremely important that the 
construction technique be reported in sufficient detail for a possible guide 
to anyone interested in the small scale modelso 
302 Construction Considerations 
In very small scale models there are several critical considerations 
such as the tolerances of dimensions of the structure, placement of the rein-
forcement and the magnitude of th~ loadso Also included are considerations of 
ease of construction and access to the model components 0 
An error of a smail magnitude on our everyday concept of units of 
measure may, in the case of the small models v represent a very large relative 
error in the structureo Choosing.± 5 percent as the average allowable con-
struction errors the thickness of the s1ab should be controlled to within 
+ 0002 ina This same tolerance can be applied to the placement of the 
reinforcement~ span lengths and other dimensionso 
The necessity of maintaining the construction error as small as 
possible dictates the time and care that should be spent in the fabricatnon 
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and construction of a test structure. Since the sma 1 1 model means a smaller 
space to work in~ and more cramped places which restrict movements, it was 
important that the formwork be constructed in such a way as to provide easy 
access about, over and under the test structure. 
Placement of the reinforcement should proceed so that at no time 
is it required that work on the reinforcement be carried on through reinforce-
ment in place at a higher level above the forms. 
303 1F0rmwork 
Since the dimensions of the test structure were only approximately 
4 by 4 ft, it was decided to build the whole slab form from one piece of 
1/4-in. plywood! rigidly fixed to a framework of 4 by 4 by 1/4-lno steel 
angles. In addition steel angles 1-1/4 by 1-1/4 by 1/4 in. were used as 
canti levers from the main frame to the edge of the form. The small angles 
supported a 4 by 1/4-in. plate which formed the periphery of the slab form-
work as well as a surface to use as a guide for the screed. 
The system of steel angles was assembled as a welded unit with the 
plywood form being attached to the steel frame with epoxy. The edge plate 
was bolted to the canti lever angles. Figure 3.1 gives a general view of the 
steel formwork frame, slab forms, column g capital» and drop panel forms and 
the pertinent dimensions. The detai 1s of formwork around the edge beams and 
a typical interior column can be seen in Fig. 3.2. 
The slab form was cut to allow the placement of column, capital and 
drop panel units. The column and capital forms were constructed from balsa 
wood which was waterproofed to stop excessnve moi~ture absorption. The units 
were also provided with weep holes to be used during the casting to indicate 
-13-
if all columns and capitals were properly cast. All edges of the 1/4-in. 
plywood slab form were faced with 1/4-in. balsa wood to allow ease of meeting 
tolerances and to prevent wedging of the forms as a result of shrinkage. the 
drop panel forms were bui It from the 1/4-in. plywood. 
The construction of the beam forms was carried out with the use of 
wood. Plywood was used for the larger pieces and balsa wood was used for the 
detai led formwork and lining the plywood. Most all of the mechanical connectors 
that were used consisted of bolts, thus facilitating form removal. After the 
formwork was completed the surface of the slab form was checked to insure a 
smooth, level surface. Several small areas of the forms were found to be too 
highD however, this was corrected by sanding down the surface to maintain the 
tolerance of + 1/32 ino 
Also constructed as a part of the formwork was a grid system of six 
members of 2 by 4 in. lumber. This was designed to be used after the slab was 
cast to allow the slab to be turned upside down whi Ie held rigidly. Figure 303 
illustrates the grid system and the method of attachment to the steel formwork 
frame. After the slab was cast and cured this gridwork of wood would be placed 
atop a cushion material on the surface of the slab. This gridwork would then 
be fastened to the steel formwork frameD allowing the ent:ire unit to be turned 
over wi thout damage to the st r.ucture., Form remova 1 wou 1 d then proceed. 
With all parts of the formwork completed and checked D the formwork 
was coated with IiSlippit-o lD This material is a commercially available form 
lubricant used to faci litate form removal. Figure 304a presents a photograph 
of the bottom view of the formwork. 
304 Reinforcement Fabrication 
(a) Material Properties 
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The materials used in a model study should preferably possess 
properties simi lar to those of the prototype if the model is to produce 
comparable resultso The reinforcement used in a model study of reinforced 
concrete is no exception, thus» the steel to be used in this test structure 
was required to be simi lar to the steel used in the full-scale structure. 
Typical reinforcement used in flat slabs is an intermediate grade steel with 
a yield stress of 40 ksio 
Since it was desired to maintain the same number of bars in a design 
section in the model as in the prototype p the diameter of the wire was dictated. 
~t was found that with this requirement no commercially available wire with a 
yield stress around 40 ksi could be obtainedo 
The solution to this problem was obtained by using bright basic wire 
with the correct diamete·rse For the slab steel the diameter was 0.0355 in. 
(20-gauge) and for the beam and column steel the diameter was 000630 in. (16-
gauge). The correct yield point was obtained by annealing the bright basic 
wire. The annealing process served not only to give the correct yield point 
stress to the stee1 9 but also allowed the wire to be straightened into a 
useable form. 
For the annealing process a stressing rack 18 in. long was bui It to 
hold 200 lengths of wire. The wire was placed in the rack and enough tension 
applied to straighten the wires. The rack was placed in a small industrial 
oven with the temperature maintained at 1150oF. for two hours. After the two 
hours the rack was removed and the tension released immediately and .the wire 
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was allowed to cool in the airo The value of the modulus of deformation 
prlor to annealing was 27 n OOO kS8 and after annealing the modulus of deforma-
tion was 26 9 000 ksi Q Figure 305 presents the stress-strain curves for a 
typical batch before and after annealingo 
After coo~ing and removal from the annealftng rack» the lengths of 
wire were placed in a bath of 1 part hydrochloric acid and 3 parts watero 
The wire was left in the bath for approx~mate~y 5 minutes n then it was rinsed 
and driedo . The purpose of the bath was to remove the mall scale which was 
left after annealnngo 
(b) Slab Reinforcement fabrncation 
To aid in the placement of the reinforcement the individual bars 
were constructed into mats of a convenoent sizeo The mats were much easier 
to handle and work with than indnvndual barso The mats for the slab reinforce-
ment were fabricated from the annealed 20-gauge wire (diameter of 000355 6no)0 
fabrication of the reinforcing mats was accomplished by soldering 
wires at the correct spacing to a set of orthogona~ reinforcing bars or to a 
support baro The correct spacing was manntanned during the fabricating pro-
cedure by placing the tips of the bars in a balsa wood strip which was notched 
at the correct spacing to hold the bars in placeo A clamp device was also used 
to assure that the individual wires would stay in placeo After all the steel 
for one mat was in place and clamped down the soldering of joints begano The 
number of joints soldered averaged about one every square inch of mat with the 
connection made as slim as possible o The solder used was a flux-centered 
soldero Splattering of the flux spread bits of the flux over the reinforcement 
which finally caused it to rusto This loose rust was removed by means of a 
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wire brush on the tip of a 1/4-in. electric dri 11. After the removal of the 
loose rust the mats were washed to remove any chemicals or other foreign 
material. 
(c) Beam and Column Reinforcement Fabrication 
The beam and column cages were prepared using the annealed l6-gauge 
wire. Holes to receive the steel were drilled at the proper spacing in an 
aluminum plate which then received the proper length wireo The ties or stirrups 
as the case was~ were then bent to the correct shape around the 16-gauge wire 
and soldered. The ties and stirrups were constructed from the 20-gauge annealed 
wire. 
3.5 Placement of Reinforcement 
The first reinforcement that was placed in the formwork was the column 
cage steel. To insure the proper positioning of the cage as well as firm posi-
tioning, 20-gauge wire was soldered to the exterior of the cage and bent outward 
so that bearing against the forms would be establishedo 
Following the placement of the column cages the beam cages were placedo 
The beam steel was anchored to the column steel by bending the beam steel around 
the column steel. The proper cover for the positive beam steel was obtained by 
using wire with the proper diameter as a spacer between the beam steel and the 
beam form. Copper wire of a small diameter was used to tie-down the beam steel. 
The ties were made from the top of the steel p through the form and then twisted 
on the outside of the form. 
The positive moment slab reinforcement was the next portion of the 
reinforcement to be placed. As in the case of the positive beam stee1 9 the 
cover was provided by the diameter of the spacer wires. The mats were then 
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tied down using the small copper wire. The tie-downs were located directly 
over the spacers which were at approximately 1 in. intervals. As a result of 
this procedure the reinforcement was held rigidly in place. Some tie-downs 
of Structure F5 may be seen in Figo 406. 
The last units of reinforcement to be placed in the formwork were 
the negative reinforcing mats for the slab. The depth of these mats was 
obtained by using chairs which rested on the slab forms. These chairs were 
made of 20-gauge wire soldered perpendicular to the plane of the mat. The 
exact height at which the chair was to be soldered was achieved by placing 
the mat on dri lIs bits of the correct dimension and then performing the soldering 
operation. See Sketch A for details. 
Flat Surface Spacer 
Sketch A 
These chairs were placed at approximately 1 in. intervals with tie-downs being 
made at the chairs. Figure 3.4b shows the slab with the reinforcement in 
placeo Figure 3~6. shows detai is.of the reinforcement in placeo In placing the 
negative steel mats next to the edge beams, the extra length of the mat was 
carried over the beam reinforcement to provide the best possible anchorage. 
At the completion of the placement of the reinforcement~ careful 
checks were made to insure sufficient tie-downs had been made and that the 
elevation for all steel was correct. 
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306 Casting 
(a) Materials 
The aggregate used in the concrete mix consisted of two types. The 
coarse portion was a coarse sand, Wabash River Sand, which was sieved through 
a No. 14 U. S. Sieve Size. Only the material passing through the"No. 14 was 
I 
used as coarse material. A lake Sand was used to make up the fine portion of 
the aggregate for the mix. Two days prior to casting, the aggregate was spread 
out for drying at room temperature. Table 3.1 presents results of the sieve 
analyses of the aggregates. 
The cement that was used was Type I lehigh Portland Cement. 
(b) Casting and Curing 
The mix that was desired was one which would minimize shrinkage, yet 
the mix was to be of such a consistency as to allow ease of placement. Since 
these two effects tend to oppose each other, a compromise mix was worked out 
which resulted in a consistency that was such that it was workable only with 
vibration. 
Casting began at 3:00 on 15 June 1961 with the initiation of mixing. 
The mixing was accomplished in a 2.0 cubic foot lancaster Mixer. The mix time 
was three minutes. Considerable care was taken to insure that all constituents 
were well mixed. 
The batch proportions are listed below: 
Coarse Sand 150 lbs. 
Fine Sand 38 lbs. 
Cement 38 lbso 
Water 29.6 ibso 
~c 0.78 
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The entire batch was transported to the casting site in the mixing 
pano Casting of the structure began immediately at one of the interior 
columnse The concrete placed over the column was vibrated until the mix 
began to fill the columno The weep holes in the column form provided an air 
escape plus a method of seeing whether the column had fi lIed to the level of 
the weep holeo Placement continued from column to column with the slab being 
cast alsoa Vibration of the concrete was continued as well as extensive 
vibration of the forms 0 The form vibratfion was heavi ly concentrated at the 
exterior columns with the vibrator being placed against the steel edge formo 
After al 1 columns were considered to be properly fi l1ed and vibrated~ the 
edge beams were cast with extensive vibration of the steel edge formo Finally 
the remaining portions of the slab not yet cast were fi 1led with concreteo 
The formwork was vibrated for this step of the casting procedure alsoo Place-
ment of the concrete was completed at 4:300 
The surface of the cast structure was then screeded using a planed 
2 by 4-inc wooden screedo As mentioned previously~ the 4 by 1/4-ino steel 
plate edge form served as a guide in the screeding operation o During the 
screeding operation the ends of several wires of negative steel were observed 
at the surfaceo Since they were not at the cr!tical negative moment section p 
no effort was made to push them downo The occurrence of this was at the end 
of the anchorage zone where fewer chairs had been placed than at the critical 
sectionso This small difficulty points to the fact that the reinforcement 
should be securely in place, since major dsfficulties that occur during castnng 
would ruin the entire modele The final screeding was completed at 4:50 at 
which time the control cylinders were caste There were two 8 by 4-ino and 
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fifteen 2 by 4-in. cylinders cast. The entire casting operation was carried 
out by three persons. 
Two hours after casting, the surface was floated with a steel trowel 
to a smooth finisho Approximately five hours ~fter the floating operation the 
entire. model and the control cylinders were covered with wet burlap and a 
plastic membrane placed on top. 
The day after casting the control cylinders were removed from the 
molds and placed near the structureo The cylinders were again covered with 
wet burlap and a plastic membraneo 
(c) Material Properties 
The control cylinders were tested three days after the structure was 
tested to fai lure. The age of the cylinders was 156 days. The average com-
pressive strength obtained from the tests of the 2 by 4-in. control cylinders 
was 3700 psi with the coefficient of variation being 9 percent. The load was 
applied at 6,000 lbs/mino 
Stress-strain curves were obtained from the tests of the 2 by 4-ino 
cylinders and the values obtained for the average initial tangent modulus was 
6 3. 7 x lOps i . 
Five cylinders were IIsplit" to obtain a measure of the tensi Ie 
strength. The results of these tests gave a value of 460 psi for the 18tensi le 
strength" of the concrete. 
307 Test Frame 
The frame on which the model was tested consisted of a gridwork of 
6 WF 12.0 steel beams arranged at 15 in. centers. figure 3.7 presents in 
detai 1 the arrangement of the steel beams used in the framework. 
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Structure F4 was placed on the test frame after casting with the 
16 columns beif)g supported on the ball supports which were socketed into shims 
placed on the beam flangeso 
308 Condition of the Structure at· the Beginning of Testing 
After curing the slab in a moist condition for seven days" the wet 
burlap was removed and the form stripping operation began. The 4 by 1/4 ino 
steel edge form was removed first with the removal of the balsa wood column 
forms being nexto With the completion of these two steps the slab was ready 
to be turned over so that access to the slab form would be faci litatedo To 
insure no· damage would be incurred by the structure, the wood gridwork described 
in Section 303 was bolted into placeo With this system the structure was 
tightly sandwiched between two rigid frames and could be moved without damageo 
After the slab was turned over and allowed to rest on the wooden 
gridwork, the copper'wire tie-downs were cuto The beam forms were removed as 
well as the balsa wood stripping along the perimeter of the slab formo Removal 
of the balsa wood allowed no wedging of the slab form against the columns or 
the edge beams 0 It was expected that the entire slab form could be removed in 
one section, ~oweverp the copper tie-down wires passing through the form 
possessed enough friction so that the form could not be movedQ The form was 
cut from the structure 'in sections approxamately 1 by 1 foot 0 The cutting was 
carried out by using an electric dri 11» held at a 450 angle p passHng back and 
forth to make the cuto Extreme ·care was taken not to damage the slabo After 
a section was cut, it was removed by prying around the perimeter and lifting 
the form section graduallyo All sections were removed in this manner until 
the only remaining portion was that which was rigidly attached to the steel 
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formwork frame. This section was removed intact by prying gently around the 
perimeter. This proved to be a tedious operation and the idea of forming 
the slab from one piece of material was judged inadequate. 
Upon the cqmpletion of the form removal a careful inspection of 
the surface was made to check for any damage that may have occurred. A 20X ' 
magnifying glass, however, revealed no cracks. There were two locations 
where some slight damage occurred as a result of the dri 11 cuttinQ into the 
slab. These did not occur at a critical section. 
During the form removal several voids were found in the structure 
which had not been fi lIed during the casting operation~ These voids were 
not detected during the casting since once the concrete covered the weep 
holes, the air had no place to escape except upward. Vibration was not 
sufficient to break up the voids even though concrete was observed flowing 
from the weep holes. There were some column sections in which the entire 
cross section was voido 
Columns 1, 5, 13 and 16 were columns that had the entire cross 
section void, leaving the steel completely uncovered. These voids were 
generally 1-1/2 in. below the top of the slabo Columns 2, 3, 4, 6, 9, 14 
and 15 had smaller voids which were noticeable only on one or two faces of 
the columns. The remaining columns had no voids that were observable from 
the outside. 
Patching was carried out whi le the slab was upside down using neat 
cement with aluminum powder to prevent shrinkage. The aluminum powder was 
used at 1 gram per 100 lbs of cement used. After patching the entire structure 
was moist cured for three more days with the columns wrapped in wet burlap and 
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a plastic membrane. The control cylinders that were cast for the patch mix 
were moist cured beside the structure as was the case for the main control 
cylinders. 
After curing the slab was turned over and allowed to support itself 
on the 16 columns. The slab was supported whi le it was turned over by a 
wooden gridwork similar to the one that had been used on top, thus the slab 
was supported at all times unti 1 it was resting on its columns. The columns 
rested on elastic bearing pads to insure uniform bearing. 
The 144 holes for the pull-down rods used to load the structure were 
dri lIed with a l/8-in. masonry bit .. Woth the holes dri lIed, the structure was 
lifted by means of the wooden frame on to the test frame. See Fig. 3.70 The 
columns were placed in fresh epoxy cement which was on a small steel plate. 
The base plate was supported by a 1/4-in. diameter steel ball in a socket on 
the test frame flanges. Sketch B illustrates the layout. 
~D Base 
4 Plate 
Beam f~ange 
Epoxy 
Sketch B 
For a five week period the structure was left in the position just 
mentionedo This delay was caused by the late arrival of the hydraulic jackso 
Considerable shrinkage took place ;0 the structure during this period wnth 
the result being that the exterior columns lifted off the supports o One day 
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prior to the placement of the loading system, the slab was again lifted from 
the supports and the 1/4 .. in~ steel balls were placed on another plate on top 
of the flanges of the test frame. These bottom plates were shimmed and held 
in place with epoxy 0 Sketch C shows the final column support placement. With 
the structure leveled and all columns in bearing the slab was ready to test 
except for another crack survey. No cracks were found using the 20X magnifying 
glass o 
lei Base 
4 Plates r--------~- Epoxy 
Beam Flange 
Sketch C 
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4. MATERIALS AND CONSTRUCT~ON OF TEST STRUCTURE F5 
4.1 Introductory Remarks 
This chapter descr~bes tn detail the construction procedure and 
the materials u~ed in the fabrication of the test structure. As noted in 
Chapter 3, the importance of accuracy in constructing the forms and position-
ing the reinforcement were of utmost concern. To obtain the relative accuracy 
possible in a large size structure, tolerances in the small scale test structure 
were extremely small. 
The construction procedure used for this structure contained improve-
ments over some ot the methods used in constructing Structure F4. Consideora-
tions that were maode in deciding on one procedure over another included the 
time involved, the cost involved and facilities available to carry out the 
desired method. 
4.2 Test Frame 
The basic test frame used in the investigation of Structure F5 was 
identical with that used for Structure F4 except for the adjustable column 
support points. Figure 30 .7 presents a general view of the test frame which 
consisted of a gridwork of 6 WF 1200 steel beams arranged at 15 in. centers. 
As noted in Chapter 3, Structure F49 was supported with shims directly on the 
test frame with sixteen 1/4-ino steel balls. Shrinkage of the structure, 
however, caused the corners of the structure to warp9 thus raising the corner 
columns from their bearingo Figure 401 illustrates the adjustable column base 
plates which were built for Structure f5 to correct for this problem. The 
adjustable column supports were designed with sufficient stroke to allow 
adjustment for the expected vertical movements resulting from shrinkage o 
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403 Formwork 
At the initiation of planning for the construction of Structure F5, 
it was decided that the structure would be cast in the position which would 
be used in testing the structure. This would remove all possibi lity of damage 
or other effects on the structure caused by moving and attempting to properly 
place it on the test frame. The decision to cast the~structure in the test 
position dictated the type of formwork with respect to its design in that the 
formwork must be readi ly removable. 
Experience gained in the construction and testing of Structure F4 
had considerable influence on the method of attack used in constructing 
Structure FS. Two major changes in the formwork were the use of Plexiglas 
forms for the drop panels, capitals and the columns and the use of individual 
panel forms for the slab. The first improvement was to assure visual observa-
tion during the placement of the concrete in the critical area of the columns 
and capitals as well as to insure well-formed structural elements and ease of 
form removal. Figure 4.2 presents a sketch of one of the column, capital, drop 
panel Plexiglas form units that was used on an interior column, capital and 
drop panel. The other improvement was primari ly dictated by the space limita-
tions under the test structureo As noted in Chapter 3, Test Structure FS was 
formed from the underneath with one sheet of 1/4-ino plywood with balsa wood 
column, capital and drop panel forms installed. This method of forming, however, 
was not adaptable for casting the structure in place since removal of the slab 
form would require sawing it out of the formwork in sections. The slab formwork 
was designed as nine separate units, each being a form for one panel of the 
structure. The panel forms were fabricated from 1/2-in. marine plywood and 
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the edges were faced with l/S-ino balsa woodo The balsa wood was to faci li-
tate fitting the panels together as well as to provide a material that could 
allow some compression which might be caused by shrinkage of the structureo 
The corners of the various panel forms were notched to receive the column, 
capital, drop panel form unitso 
The panel forms were supported by a frame system of stringers and 
cross members constructed from 1 by 2~ino and 1 by 4-ino wood material. 
Figure 403 provides a general view of the formwork with the cut-away slab 
forms showing the detai Is of the framing systemo Approximately 1 ino of 
clearance was provided between the bottom of the slab forms and the top of 
the framing system. This gap was provided to allow for ease of form removal 
and ease of leveling the formworko The gap was produced by shims which were 
placed between the top of the cross members of the frame system and the bottom 
of the slab formso Wood screws were then inserted from the underside of the 
frame system, through the cross members, through the shims and into the slab 
formso The frame system was shimmed above the WF-beam test frame so that the 
columns could be supported by the adjustable column baseso 
The exterior face of the spandrel beams was formed by a steel frame 
1/4 by 2 ino, completely enclosing the perimeter of the structureo The steel 
form was fastened directly to the wooden frame system and provided an exact 
surface to be used in screeding the slabo On the deep beam sides the bottom 
and interior faces of the beams were formed with precut wooden right-angle 
edge strip which fit, against the bottom of the slab forms 0 These edge beam 
forms were supported with wood screws through the steel exterior face formo 
The shallow beam side was formed merely with a flat wood form which was placed 
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between the edge of the slab form and the steel exterior face form. Again 
the shallow beam form was held with wood screws through the steel exterior 
face forma Figure 404 shows typical cross sections through the edge beam 
formso 
The placement of the column, capital, drop panel units' for the 
interior column consisted merely of positioning the units in the corner notches 
of the slab forms with the columns fitting the ball supports on the adjustable 
column baseso The exterior column, capital, drop panel units were fastened 
directly to the steel exterior face form. This was done by tapping the Plexi-
glas and using machine screws. These units were designed to frame exactlY,into 
the edge beam forms as well as the steel exterior face forms. After the place-
ment of these units, four weep holes were drilled into each of the column forms 
to aid observations during the casting. The weep holes were 1/8 in. diameter. 
At the conclusion of the construction of the formwork,checks were 
carried out to verify the dimensional tolerance. The tolerance specified was 
± 1/32 in. Critical sections checked were numerous points for the slab thickness, 
beam depth, beam width and drop panel thickness. Dimensions of capitals and 
column forms were checked prior to their placement in the main formworko 
Several points on the slab forms were found to be too high and these were 
corrected by a careful sanding. proced.ure. 
With the formwork dimensionally correct and the formwork level, the 
final phase of formwork preparation was carried out. This consisted of apply-
ing two coats of BlSlippitDi to the surfaces on which the concrete was to be 
placedo This material is a commercially avai lable form lubricant to faci litate 
form removal. 
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4.4 Reinforcement Fabrication 
(a) Material Properties 
The material to be used as reinforcement in a model study of rein-
forced concrete preferably should possess properties simi 1ar to those of the 
material used in the prototype if the model is to produce comparable resultso 
As noted in Chapter 3, no available commercial wire of the correct diameter 
could be obtained which had the requnred physical properties to simulate anter-
mediate grade steel reinforcing bars. This required using bright basic wire 
and then annealing it to obtain the desired properties. The procedure used 
in obtaining the desired properties by annealing the wire was discussed in 
Chapter 30 Figure 305 illustrates the stress-strain curve of the 20-gauge 
wire before and after 
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of any consequence is that the annealed wire exhibits a definite yield point 
in the range of 40 to 50 ksi. The value of E before annealing was approximately 
279000 ksi and after annealang was 26 9 000 ksi 0 
~n the actual construction of the test structure two wire sizes were 
used. A lO-gauge wire was used for all slab reinforcement» column ties and 
for the shear-torsion rei nforcement 0 'For the beam steel and the vertical column 
steel» I6-gauge wire was usedo Table 401 presents the values of the yield 
strength for strain rate of 00006 fino/l0 seco of the annealed wire for the 
various sample specimens of the eight batches of wire annealed. The value 
used as the yield point for the slabrefinforcement was 4708 ksi and the value 
for the beam and column steel was 3800 ksi. The coefficient of variation of 
the slab steel yield point was 6 percent and the percentage variation of the 
beam and column steel yield point was 3 percent. 
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(b) Slab Reinforcement Fabrication 
The reinforcement for the slab was fabricated into mats which were 
designed for each of the design sections. The 20-gauge annealed wire was 
formed into the mats by spot welding the pattern of mutually orthogonal bars 
into place. To avoid difficulties in measuring bar spacing which in most 
cases was a decimal value, the reinforcement patterns were constructed geo-
metrically on paper by constructing a number of equal line segments from a 
line of a given length which corresponded to the width of a design strip. 
The mats for each pattern were then fabricated directly over the paper pattern. 
This procedure consisted of cutting the wires to the proper length, placing 
them in the pattern indicated by the,paper pattern, clamping them in place 
and spot welding the individual bars together. Welds were made only at a 
sufficient number of locations to insure a relatively stiff mat which would 
remain intact during the casting operations. The Weldmatic, Model 1016C, was 
used to fabricate the mats. This machine was operated at approximately 15 to 
20 wattseconds for these welds. 
This process of slab reinforcement fabrication proceeded rather 
quickly once the method was devised and an operational scheme was set up. 
The finished product was a relatively rigid mat with the bar spacing within 
+ 1/~: i n oof the design 1 oca t i on 0 
Numerous tests were made to study the effect of the welding pro-
cedure on the measured yield point of the reinforcement. From these tests 
it was determined that on the average a reduction of approximately 3 ksi 
should be applied to the yield point of the 20-gauge wire tested before 
welding. The value of 5008 ksi reported in Table 4.1 as the average yield 
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point of the 20-gauge wire was reduced to 4708 ksi for use in the computa-
tionso The effect of the welding was found to be negligible on the 16-gauge 
wireo 
(c) Beam Reinforcement fabrication 
The longitudinal reinforcement used in the beams was annealed 
16-gauge wire whereas the shear-torsion reinforcement was annealed 20-gauge 
wireo The reinforcement cages for each spandrel beam were fabricated in 
three sections; one to span each of the bays of the structureo 
The first step was the forming of the shear-torsion spiral which 
was rectangular in cross sectiono The wire was bent around a steel bar which 
had been machined to the correct dimensions so that wrapping the 20-gauge wire 
around the bar would produce the proper sftze cageo After the spirals were 
formed the longitudinal steel was placed inside the spiral and spot weldedo 
Spot welding the I6-gauge wire required that the welding be carried out at 
30 wattsecondso The two exterior bay beam units were fabricated with the 
external negative and the positive steel 0 The interior bay beam was fabricated 
with the negative steel at both interior columns and the positive steel for the 
middle spano 
(d) Column Reinforcement Fabrication 
The col.urnn reinforcement cages were fabricated using I6-gauge 
annealed wire for the vertical steel and 20-gauge annealed wire for the tieso 
~n the exterior face of the side columns the three pair of double vertical 
bars were welded together using 60 wattsecondso The column ties were spot 
welded using 30 wattsecondso A simple method of fabricating the column cages 
was devised which consisted of a plate dr~11ed to receive the vertical steel 
in the correct patterno The ties were then merely fit around the vertical 
steel and spot weldedo 
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405 Ptacement of Reinfor.cement 
The fi r·st reinforcement. to be placed in the formworkwas the column 
steel. Spacers which consisted of the 20-gauge wire wer·e .welded to the 
column cages to hold the cage in place and insure proper steel placement within 
the forms. Two of the vertical bars were also welded to the shear connectors 
at the bottom of the column to provide additional support. 
The next unit of reinforcement to be placed was the beam steel. The 
cage for the middle bay beam was placed first and then the other two beam cages 
were placed. These units were then welded together to form a continuous three 
span unit of reinforcement. Spacers were also spot welded to the beam cages 
to insure proper steel placement. At the beam and column intersections care 
was taken in attaching these two units together. The two units were welded 
together at all points of contact, trying to form a system which could transfer 
the load effectively. In the span of the beams, small holes were dri lIed 
through the forms to allow tie-downs to be made. The tie-downs were made with 
sma 1 1 copper wire which was found to be easy to work with in the limited space 
avai lable. 
The slab reinforcement was placed next. This began with the placement 
of the positive reinforcing matso Positioning of the mats was accomplished by 
using small segments of wire whose diameter was such as to give the proper 
locat i on to the mats when they .were p laced atop the segments. These spacers 
were placed at approximately 1 in. intervals and a tie-down was made by dri lling 
through the 1/2-in. slab form and then using the small copper wire to make the 
tie. Extreme care was used in the placement to insure a rigid system of rein-
forcement that would not become displaced during the casting operations. 
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figures 405, 406a and 407a show the positive reinforcement ~fter placemento 
The first figure presents the detai 1 at column 1, showing the manner in which 
the shallow beams fr~med .together and into the columno The second photograph 
of fig. 405 shows a typical side column detai 10 This particular column is 
column 5 which was on the shallow beam sideo The Plexiglas column, capital, 
drop panel ~nit can also be seen in this photographo Figure 4.6a illustrates 
the framing of the deep beams at column 160 Figure·407a shows an over-all view 
of the test structure with all the beam and column steel in place, but only the 
positive slab steel in placeo The white arrows in the interior panel mark the 
locations of five strain gaR~s that were located in the positive moment region o 
Placement of the negative reinforcement mats was preceded by the 
attachment of chairs to the matso The chairs consisted of a length of 20-gauge 
wire in the shape of an BILl! which was spot welded to the mats. These chairs 
were placed at 1 to 1-1/2 in. intervalso The correct length for the chairs was 
obtained, as described in Chapter 3, by mounting the mat in a specially bui It 
rack and then placing the chair and welding ito The tie-downs were accomplished 
in the same manner as was used for the positive reinforcemento 
Along the edge beams the negative slab reinforcement was welded to 
the beam steel in an attempt to provide a continuous path for the tension 
force. figure 4.6b shows on the deep beam the continuance of the negative slab 
reinforcement over the beam steelo The slab steel in this case was spot welded 
to both of the bars in the beamo Figure 407b shows the structure with all the 
steel in place and ready for casting. The white arrows indicate locations of 
electrical strain gageso 
At the completion of the placement of the reinforcement~ careful checks 
were made to insure sufficient tie-downs had been made and that the clearance of 
the negative steel was correct 0 
-34-
406 Casting 
(a) Materials 
The aggregate materials used in the concrete mix consisted of a 
coarse sand and a fine sand. The gradation of these two constituent materials 
can be seen in Table 4.2 which presents the results of a sieve analysis on 
each of the aggregates. The cement used was Type Lehigh Portland Cement. 
One day prior to the day of casting the aggregate was placed in a 
large pan and stored in a large oven to produce oven-dry aggregate at the time 
of mixing. 
(b) Casting and Curing 
The test structure was cast on 7 July 1962. Mixing of the concrete 
was begun at 9:00 with the mixing being carried out in a 2.0 cubic foot 
Lancaster Mixer. The batch. was mixed for five minutes with a great deal of 
hand mixing done also to insure that the unmixed pockets that tended to form 
near the edge of the mixing bowl were broken up. The'~ix proportions are 
1 i sted be low: 
Coarse Sand 
Fine Sand 
Cement 
Water 
w/c 
160.5 lbs 
40.0 Ibs 
34.0 Ibs 
28.0 lbs 
0.82 
The entire batch was transported to the casting site in the mixing 
pan. Placement of the concrete began at 9:30 at column 16. Some difficulty 
was encountered in B1forci ng" the concrete past the beam stee 1 and the shear-
torsion reinforcement and down into the column. This difficulty was overcome 
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by external vibration of the steel sade form and rodding the column by hand. 
Also concrete waspi led over the column and vibrated to force the concrete 
down into the column. Finally concrete was observed fi 11ing the Plexiglas 
column form unit and vibration was continued unti I concrete began to flow out 
of the 1/8-in. weep holes. 
Placement of the concrete continued to column 15, placing a strip 
of concrete approximately 12 in. wide. The side columns were fi lIed easi Iy 
and the fi l1ing operation was observed as the concrete moved into the Plexiglas 
forms. The casting continued p using the 12-in. strips~ passing the columns in 
the following order: 14, 13, 9» lOp 119 12» 8, 7, 6, 5, 1, 2» 3, and 4. 
Placement of the concrete was completed at 11:00. 
After the columns, capitals and drop panels were inspected from 
below the slab for voids, excessive leakage or breaks, the excess concrete 
was troweled from the top of the slab. Screeding then began using an extruded 
aluminum H-section which was chosen to insure a light but flexural1y rigid 
screed. The final screeding operation was completed at 11:400 The surface 
was left as screeded surface since it was felt that troweling might cause 
variances in the slab thicknesso The entire operation was carried out by two 
persons. Thirteen 4 x 8-ino control cylinders were cast. 
Approximately six hours after the completion of the casting~ the 
entire structure was covered with wet burlap with a piastic moisture barrier 
on top. The following day the control cylinders were removed from the molds 
and placed under wet burlap near the test structure. The wet burlap was 
maintained for seven days at which time the form removal began. Variation 
o 
of temperature during the seven days of moist curing was 75-86 F. 
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(c) Material Properties 
The control cylinders were tested the day after the structure was 
tested. The age of the cylinders was 40 days. All thirteen control cylinders 
were tested, however, the resu1ts of three of the specimens under test were 
not used since inspection before testing revealed that these cylinders had 
not been properly vibrated. The average of the results of the compression 
tests gave a value of fB = 3140 psi with a coefficient of variation of 8 
c 
percent. The load was applied at a rate of 24,000 Ibs/min. 
A stress-strain curve was obtained for each of the control cylinders 
by measuring the movement of the machine head with respect to the base, however, 
as a result of the hydrocal caps on the cylinders affecting the deflection 
readings, the results were of no use. 
4.7 Condition of the Structure at the Beginning of Testing 
Form removal began on 13 July 1962 with the removal of the steel 
edge form. Column 4 was found to have a large void on the exterior corner 
about 1/2 in. below the top of the slab. The void was approximately 1 in. 
by 3/8 in. and about 3/8 in. into the column. The void was closed off with 
sheet metal and a grout of cement and aluminum powder, to prevent shrinkage, 
was forced into the void. It was felt that this would have no appreciable 
effect on the behavior of the structure. 
Also noted at this time was the fact that all column bases were 
from 1/16 to 1/8 in. above the ball support points,. This was caused by the 
swelling of the formwork which merely lifted the entire structure off the 
column supports. The adjustable column bases were adjusted to bring the 
column bases into firm contact with the steel balls. 
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Form removal continued without the discovery of any other gross 
nonhomogeneities unti 1 16 July when a void was found in each of column 6 and 
10 about 3/4-in. below the bottom of the capitalo These were tightly packed 
--.with a mixture of cement,fine sand and aluminum powder 0 These voids occurred 
low. enough so their effect on the critical region around the capitals and 
drop panels was smalL The form removal was completed on 19 July 196.2. 
The holes for the loading system were drilled using water as a 
coolant with a 1/8-inomortar bito Prior to casting the location of the holes 
had been determined and any reinforcement near the hole location was bent 
around the region. Indri 11 ing~ however, one bar was cut. After the dri 11 ing 
operation the slab was checked for thickness at each of the 144 holes using 
vernier calipers with an end slide depth gage. The maximum deviation from the 
design dimensions was 1/32-in. The average deviation was ± 1/64~in. Checks 
on the beam and column dimensions revealed similar resultso 
No shrinkage cracks were observed in the model test structure. 
However, sufficient shrinkage had taken place so as to raise the corner columns 
approximately 1/16-in. off the ball support pointso Again the adjustable column 
bases were used to bring the structure into bearing at all sixteen support points. 
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5. LOADING SYSTEM 
501 Loading Frame 
The loading frame ·used was described in Chapter 3. It consisted 
of 6 WF 12.0 steel beams 'spaced at 15 :in. centers in a gridwork of 4 and 3 
beams in orthogonal directions. The structures were both tested with the 
four rows of columns being supported by the 4 WF beams. Beneath and per-
pendicular to these were 3 WF beams which were placed at the panel centerlines. 
These beams had three jacks mounted to each of them. The center of eac~ jack 
cylinder coincided with the center of one of the nine panels of the structures. 
5.2 Load Distributing System 
The load on each of the panels was applied by one jack and distributed 
equally to 16 loading points by means of a "tree." On top of the slab at each 
load point there was a load plate. These plates were 2 by 2 by 1/4 in. with a 
layer of 1/4-in. cork between the plate and the slab to help insure a nearly 
uniform pressure. 
The load was applied by the jacks, forcing the system of bars downward, 
thus putting the pull-down rods under tension. Figure 5.1a shows one of the 
jacks with its "tree. 88 
5.3 Hydraulic System 
The hydraulic system was operated by a hand pump and a system of 
valves at a control manifold. With the system it was possible to load any 
combination of panels. The jacks used were the Blackhawk Jack, R78 (capacity 
10 tons). Figure 501b presents a close-up view of the control manifold and 
hand pump. 
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6. INSTRUMENTATION AND TEST PROCEDURE 
6.1 Steel Strain Measurements 
Provisions were made in both Structures F4 and F5 to measure 
steel strains at various sections in the interior panel, E, so that com-
parisons to existing theoretical results could be made. Ten electrical 
strain gages were used in each test structure. The location of the ten 
gages was the same for each of the test structures; five were placed in 
the positive moment region across the panel centerline and five were placed 
across the column centerline to record strains produced in the negative moment 
region. Figure 4.7b of Chapter 4 10cates p by the white arrows p the position 
of the two groups of strain gages. The gages used in each of the test 
structures were type C-6, 1 x 1 SR-4 electrical strain gages. The gage 
length of these strain gages was 1/32 in. 
The strain gages were mounted to the reinforcing mats prior to the 
placement of the mats in the formwork. Several difficulties were encountered 
during the process of installation. The width of the gages was the same as 
the diameter of the wire which made installation on a fairly flat surface 
impossible. This tended to result in gages whose edges were turned up. The 
stiffness of the gage backing also added to this problem since it was difficult 
to mold the gage to fit the wire. 
After the gages had been mounted with all care possible and a check 
had been made, the gages were waterproofed with a layer of Epoxoid which was 
then sealed with wax. 
Test resu.1ts·obtainedfrom these gages were in some cases for the 
elastic behavior of the structure, comparable to the values obtained by theory. 
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However, as wi 11 be pointed out in Chapters 7 and 8, the results were too 
scattered to be reported at this time. Further testing and studies are 
presently underway to develop techniques to obtain consistent strain data. 
602 Load Measurement 
The loads applied to each of the two test structures were measured 
by the use of dynamometers. The dynamometers were const ructed from ;l' in. 
lengths of aluminum alloy tubing with four type A-7, SR-4 strain gages mounted 
on the tubing. Two of the gages were mounted vertically and two horizontally 
to eliminate the effects of bending. Prior to testing each structure these 
dynamometers were calibrated three times using a hydraulic testing machine. 
The sensitivity of the dynamometers was about 10 lbs per dial division on the 
strain indicator. This corresponded to an applied load of approximately 7 psf. 
The dynamometers were mounted directly to the head of the jack piston 
and the load distributing system. The measured load was then transferred through 
the load distributing system to the sixteen load plates on each panel. 
6.3 Deflection Measurements 
The vertical deflections of both structures were measured at 49 
different locations. Seven rows of seven measurements were made which included 
all locations at midspan between columns, mid-panel and at the columns. The 
deflection at the columns was measured in order that any column movement could 
be detected and an appropriate correction could be made on the slab deflections. 
Figure 6. 1 presents the location and designation of the deflection dial gages. 
The method for obtaining these deflection measurements was different 
in Structures F4 and FS. For Structure F4 a movable assembly with seven dials 
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was placed at seven different locations to obtain the 49 readings. The movable 
assembly was supported, by three point supports which wer~ held on a frame which 
surrounded the test structureo The point supports irisured consistent readings 
from the movable assembly to within ± 00001 ino The tips of the deflection dials 
were pointed to fit a. recess in a plug g_lued to the surface of the slabo The 
metal plugs were, about 3/8-ino in diameter and about 1/4-in. higho They were 
used to assure a smoqth, hard reference surface for the tip of the deflection 
d i a 1 so Th.i s system worked qu i te sat i sfactor i 1 Y unt i 1 the 1 ater 5 tages of the 
testing when the deformations of the slab caused the plugs to rotate, thus 
disturbing the contact of the dial tip and the plug. The dial gages used 'in 
the test of Structure F4 were OoOOl-ino Ames dials with a 1-ino strokeo 
Figure 6.2 presents a photograph ~f Structure F4 during the testo 
The method of measuring the deflections of Structure F5 consisted of 
mounting an individual deflection dial over each of the points to be consideredo 
In this manner there was no effect on the deflection readings resulting from 
movement of the deflection reading system. 
~n this test structure the dial tips were spherical in shape and the 
metal plugs used had no recess p but had a plane surface. This allowed the 
dial tip to follow the slab deformation as the plugs began to rotate with the 
slabo The'dials used to check deflections at the columns were OoOOOl-ino dials 
with a stroke of 0.3 to 004 ino All other dials were O.OOl-in. dials with a 
1/2 or I-in. stroke. Figure 603 presents typical views of one of the test 
structures, F5. Figure 603a shows a view looking down on the test structure 
at the end cif the testo The frame seen above the test structure supported 
the 49 deflection dials. Figure 603b gives a close-up view of the instruments 
used to measure strains and loads. 
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604 Test Procedure 
The testing procedure for both structures was essentially the same. 
One dynamometer was monitored as the load was applied with the hydra.ulic 
jack. When the desired load was reached the main valve of the control mani-
fold was closed. The other dynamometers were then monitored to verify that 
a uniform load was being applied. In the case of Structure F4, adjustments 
were made on the individual panel loads by operating only one of the jacks. 
In this way the desired load was reached in each panel. In the case of 
Structure F5, however, no adjustment was made on the individual panel loads. 
The variation between the several loads recorded by each dynamometer was, 
however, small in most cases. 
At the completion of the loading operation, the deflection and strain 
data was taken. Reading and recording this data required about 15 minutes. 
The loads were then recorded again by monitoring all dynamometers. In most 
cases the variance between the initial reading and the final reading was less 
than 10 psf. 
As much as possible, the structures were checked for cracks when the 
loads reached were considered to be above the cracking load. Extensive 
examination for the cracks was not carried out since the top surface of the 
slab was partially covered by the loading plates and the bottom of the slab 
was inaccessible for making detailed observations. 
6.5 Testing 
The testing of Structure F4 began with a test with uniform loading to 
60 psfo This test was merely to check the electrical strain gages, deflection 
monitoring system, th,~ loading equipment and the test procedure. 
... 43 ... 
Three days later the actual test program began. The application of 
five increments of load, bringing the applied load to 220 psfp had been 
accomplished when one of the pull-downs of the loading system failedo This 
ended the testing until repairs and modifications could be madeo Two months 
later the test was carried to fai'lure. 
Structure F5 was tested to failure in one day with only one major problem 
developing "'during the-test." After the application of the second increment of 
load the readings of dynamometer C were found to be very susceptible to any shock 
imposed on panel CBS tree frame. Further investigation revealed that the dyna-
mometer was evidently shorted g thus the monitoring of the load on panel C was 
ended at this pointe An approximate check of the load on the panel was obtained 
by comparing the deflection at the mid-panel of C with the mid-panel deflection 
of G which was a symmetric paneL This check used in the elastic range of 
behavior indicated"no gross error in the loads on panel c. 
Table 6. 1 presents a summary for each of the test structures with regard 
to the date of test, load increment and the pattern of loading. 
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7. BEHAVIOR OF TEST STRUCTURE F4 
701 I ntroductory Remarks 
The response of Test Structure F4 is described in this chapter in 
terms of the observed deflections, crack patterns and their interrelation. 
The behavior of the structure was also to have been studied in detai 1 with 
respect to steel strains recorded in the positive and negat.ive moment sections 
of the interior panel. The measured strains, however, were inconsistent and 
furnished only limited information as a result of three of the ten gages not 
functioning during the test. Consequently the measured strains are not report-
ed here and were used merely as qualitative guides in the behavior study. 
The testing of the structure consisted of three separate phases; Phase 
to an applied load of 60 psf; Phase 2 to an applied load of 220 psf and Phase 3 
to the load designated as the "failure load 81 (600 psf). The discussion of the 
behavior as presented in this chapter is limited to Phase 3, the testing of the 
structure to failure. 
Phase 1 as mentioned previously resulted in an applied load of 60 psf 
over the entire structure. The purpose of this phase was merely to check the 
electrical strain gages» deflection monitoring system, the loading equipment 
~n~ t~e test procedure. This 10ad 9 however, produced no visible residuals of 
strain or deflection and represented a load well below the cracking load of 
the structure. Thus with regard to the future behavior of the structure~ this 
loading was of little consequence. 
Phase 2, loading up to 220 psf, was ended when the failure of a con-
nection between a pull-down rod and a load plate occurred. Deflections and 
strains to this load level had remained essentially elastic and the structure 
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was only slightly cracked as was indicated by the measured strains. The date 
that this phase was carried out was 29 September 1961 and Phase 3 was not 
begun unti 1 about two months later, 18 November 19610 At the beginning of 
the testing in Phase 3 it was felt that the small residual strains and deflec-
tions that had remained after the removal of the loads in Phase 2 had nearly 
reached the initial readings that were present at the beginning of Phase 2. 
The difference in the initial deflection readings for Phase 2 and Phase 3 was 
generally 00001 in. Thus the loading of Phase 2 had little effect on the 
structure with respect to deflections and strains, although there was some 
effect due to the probable cracking which occurred in Phase 20 
702 ,loading 
The "failure 10ad 88 as designated in the test was reached in eight 
increments,of load over a six hour period. The load at fai lure was 600 psf 
applied load. Further 'attempts to load the struct~re merely resulted in 
increasing the deflectionso 
The eight increments of load resulted in the following values of the 
cumulative applied 10ad~ 55, 145» 260 9 360» 460~ 505, 550 9 and 600 psfo 
These loads represented the loading over the entire structure with an average 
variation of + 3 percent with the extremes recorded being + 10 percent and 
- 8 percent at a given load level for different panelso 
703 Deflections 
Load-deflection curves are presented in Figso 701, 702 and 703 with 
the mid-panel deflections of symmetric panels being plotted on the same axes 
to faci 1 itate comparison.s of symmetry at low loadso Also plotted are repre-
sentative load-deflection curves for points at midspan between columns on the 
column centerlineso 
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As would be expected, panel A throughout Phase 3 produced the 
largest recorded deflection. Panel A was supported on two sides by inter-
secting shallow beams making this the Blsoftll panel of the nine panels that 
composed the test structure. At the design load (285 psf), the deflection 
at the mid-panel point of panel A was 0.0325 in. or L/460. At the designated 
BBfai lure 10adDi (600 psf) this deflection had increased to 0.275 in. or L/55. 
The interior panel E at the design load (285 psf) deflected to 
approximately l/1700 which was 1/4 of the deflection observed at the mid-
panel of panel A. At the "failure load" (600 psf) the mid-panel deflection 
for panel E was 0.05 in. or L/300. This represented only about 1/6 the 
deflection of the mid-panel of panel A, whereas at the design load the same 
relation was 1/4. Qualitatively this difference can be explained, by the 
fact that at fai lure the interior panel was relatively undamaged compared to 
the rest of the structure. Thus sufficient yielding had not taken place 
throughout the interior panel to cause a large increase in the mid-panel 
deflection. The absence of positive yield lines within panel E can be seen 
in Fig. 708. The negative yield lines, however, were well developed around 
the perimeter of panel Eo These yield lines were only involved in the fai lure 
mechanism of the exterior strip of panels such as At 0 and G. Only with the 
formation of positive yield lines within panel E and the subsequent action 
with the already formed negative yield lines to create a mechanism, could the 
deflections have increased to any great extent. 
Panel J, supported by two intersecting deep beams, was consistently 
the exterior panel showing the smallest deflection. At the design load (285 
psf) the value of the deflection recorded at the mid-panel was 0.023 in. or 
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L/650 which was approximately 5/7 of the mid-panel deflection of panel A.At 
the mid-panel point of panel .J at the o8fafi lure 10adB' the obs.erved deflection 
was 0.165 ino or l/90 which was approxsmately 3/5 of the deflection at mid-
panel of panel A at the same load. 
The maximum sha 11 ow beam def lect i on recorded;, at the, ~es i gn load was 
approximately 00016 in. or L/940 whereas at the 8!fai lure 10ad88 the deflection 
had increased to 00076 ino or L/2000 These deflections occurred at a point 
through which the initial posotive yield line of the exterior strip of panels 
As D and G passedo 
Deep beams at the design load produced a maximum deflection of 
00006 ino or L/2500 and at the OBfai lure 10adDi the maximum recorded deflection 
at midspan of a deep beam was 0.024 in. or l/625. This last deflection occurred 
adjacent to panel G which as mentioned above~ was involved in the initial 
fai lure. 
From general observations of the load-deflection diagrams of Figs. 
7.1 9 702 and 7.3 it is seen that the structure behaved essentially elastic 
to a load of 250 to 300 psf. The load-deflection curves can be represented 
closely by a straight line up to the range of these loadso 
The load-deflection curves also show that the major fai lure was 
the yield line which formed through panels A9 D and Go This is shown by the 
flattening of the load-deflection curves of the mid-panel locations. As a 
result of thi s yield 1 ine formations a 86va l1 eyO! formed across the',strop of 
panels As D and G on the shallow beam s~de of the structureo F~9ures 704 
and .705 present the schematic deflection diagrams at the design load (285 psf) 
and at the IIfailure load Bl {600 psf)o As seen fin F!9o 7.5, the oBva l1 eyG! which 
formed across panels 9 AD D and G is quite pronounced. 
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7.4 ' Cracks and Mode of fa i 1 ure 
The primary failure of the test str~cture was caused by a combined 
slab fai lure and the failure of the exterior columns, both occurring in a 
strip of the structure adjacent to one of the shallow beams. 
The initiation of the main failure pattern of the slab occurred when 
cracking began in the positive moment region of the strip of panels (panels 
A, 0 and G) adjacent to a shallow beam. Prior to this, however, there was 
observable cracking in the negative moment section along the centerline between 
columns 6 and 10. Also the exterior columns, columns 5 and 9, were beginning 
to show signs of distress at this t'ime. This distress seemed to arise from the 
inability of the column capitals and the columns to receive the loads from the 
slab in addition to any torsional moment from the beams. 
At the beginning of the failure the column distress consisted of 
merely narrow cracks which, as shown in fig. 7.6,-by the end of the test had 
widened considerably. from fig. 7.6a it is evident that the column fai lure 
allowed considerable r-otatioo of the bracket which in this case acted as an 
integral part of the slab. The main crack in column 5 at the end of the test 
had a width of approximately 0.125 in. The crack as seen in the figure was 
horizontal and at the level of the base of the bracket, column 9 however, 
exhibited a somewhat different manner of distress which to some extent was 
,-
caused by the patching of the column. The details of the patching were dis ... 
cussed in Chapter 3. The exterior face of the column first showed distress 
at the level of the bottom of the shallow beam and above. This was evidenced 
by a crack and then by considerable spal1ing, at which time a crack appeared 
below this region. This crack was located approximately midway between the 
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bottom of the shallow beam and the bottom of the bracketo The crack pro-
gressed inward ina direction nearly perpendicular to the interior face of 
the bracket 9 exiting on the interior face near the point wheore the bracket 
framed out of the columno The arrangement of the test structure p that is 
the one-story structure, presented some bond problems at the top of the 
vertical column steeL ~n a multi-story structure the continuity between 
floors would tend to reduce the size of the cracks observed near ultimate and 
help reduce any bond problemso 
Considerable rotation of the columns, and subsequently of the slab, 
seemed also to have a noticeable effect on the slab cracking and crushing 
pattern o As seen in Figo 708, indicated by the cross-hatched line, there was 
considerable crushing on the top of the slab above the positive yield lineso 
The fJgure also shows that the main failure pattern was well defined in the 
strip of panels.A, D and Go The development of the positive yield lines in 
these panels seemed to have been aided by the failure of the exterior columns 
adjacent to the strip of panels o ~n general it was felt that the weakness of 
the link from the slab to the columns had some effect in IBforcing Dl the slab 
to a premature fai lureo The excessive damage of the columns was such that 
the negative moment capacity was reduced to some extent g thus causing a 
redistribution of moment to the positive section of the slabo 
Secondary failures in the structure occurred in two other strips of 
exterior panels p those being A9 Band C and J 9 H and Go Other columns on the 
other shallow beam side also showed the same signs of distress as described 
for columns 5 and 90 There was one exception in the general column failure 
pattern which was obviously caused by a large void in the column capitalo 
-50-
This was observed in column 2 which after the concrete shell cover spal1ed 
away, merely rotated just below the bottom of the beam by bending of the 
vertical reinforcement. The effect of this llweak" column must not have 
been too great since the primary fai lure pattern developed in another strip 
of panels. Columns along the deep beam sides showed only slight signs of 
distress at the end of the test. 
Of particular interest is the absence of positive yield lines in 
the interior panel E which is shown in Fig. 7.7. This in some sense accounts 
for the small deflections recorded in the interior panel. The comparison of 
the deflections as mentioned in Section 7.3 can be seen in Fig. 7.1. 
Figure 7.9 presents photos of the bottom and the top of the 
structure with all observable cracks marked at the end of the test. 
705 Summary 
Under design loads the behavior of the structure was essentially 
"elastic. 1I Strains indicated that some cracking had definitely taken pla.c~ 
by the time the design load had been reached. 
The mechanism of the fai1ure consisted of a positive yield line in 
the middle of the strip of panels A, D and G along a shallow beam. The yield 
line extended from the center of panel A to the center of panel G. From the 
center of these panels the yield line turned at approximately 450 and extended 
to the corner columns. A negative yield line formed from columns 6 to 10 
which then turned at approximately 450 toward the corner columns. The negative 
yield line however, extended only about half way to the corner columns. 
The interior panel remained rather free of distress to the end of 
the test except for the negative yield lines which formed around it from 
column to column. 
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The ultimate load capacity of the structure was limited by the 
"weak 1 inks, of the structure, that being the slab ... column .... beam connection. 
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8. BEHAVIOR OF TEST STRUCTURE F5 
8.1 Introductory Remarks 
The response of Test Structure F5 to the imposed test conditions 
is described in this chapter in terms of the observed deflections~ crack 
patterns and their interrelation. The behavior was also studied to a limited 
extent through the use of ten electrical strain gages, five placed in the 
positive moment region and five in the negative moment region of the interior 
panel. These gages however j gave inconsistent results and are not reported 
here. 
Although the entire test reported was carried out continuously, the 
behavior is discussed in terms of four separate phases. It must be noted 
that prior to the continuous test 9 the structure had been loaded to 185 psf 
which was equal to DL + 0.5 LLo This loading however p was below the cracking 
load for the structure. The continuous testing took five hours to complete. 
The four phases of the test were as follows: 
Phase 1: Loading on all panels up to the design load. 
Phase 2: Continuation of loading on all panels unti 1 a 
fai lure pattern developed in exterior panels A~ 
Band C, supported by a shallow beam. 
Phase 3: Continuation of loading on intact panels Ep F, 
Hand J unti 1 failure occurred in exterior 
panels Hand J, supported by a deep beam. 
Phase 4: Continuation of loading on interior panel E. 
8.2 Phase 1 . 
(a) Load i n9 
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The design load was reached in two increments, applied over a 
time interval of approximately 40 minutes •. The first increment of load 
was 185 psf (DL + 0.5 LL) and the second increment was 95 psf (0.5 LL), 
resulting in the cumulative applied load of 280 psf. The total load at 
this stage was 300 psf or 6 percent greater than the nominal design load 
of 285 psf total. 
(b) Deflect ions 
The maximum deflection occurred at the center of panel A, the 
corner panel supported by the two shallow beams. This deflection was 0.03 
in. or L/SOO. At the center of the interior panel the deflection was approxi-
mately one-third of tbis value. The maximum shallow beam deflection was 
L/l000 whi le the deep beam deflections were hardly measurable. At this stage 
it should be noted that almost all sections of the structure were uncracked. 
Load-deflection curves measured at the middle of all nine panels 
are shown in Figs. 8.1 and 8.2. In addition, Fig. 8.2 includes seven load-
deflection curves measured at the middle of column centerlines in various 
panels. it is seen that the only curve which deviated appreciably from a 
straight line was AO, measured in the corner panel bounded by two shallow 
beams. 
Curve EO, measured in the middle of the interior panel and shown 
as a broken line in Fig. 8.1, was obtained by extrapolating the recorded 
data since from all indications the zero reading at the beginning of the 
test was incorrect. The extrapolated value was obtained from the slope of 
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the load-deflection curve and by comparing relative values of the deflections 
at the midspan over the column centerlines surrounding the interior panel. 
A schematic deflection diagram of the entire test structure under 
the design load of 285 psf is presented in Figo 8.30 
(c) Cracking 
During this phase of loading no cracks were detectedo However, 
detection of any cracking would have been extremely difficult as a result of 
the space limitations imposed by the load-distributing and the deflection 
dial systemso Any cracking that occurred at this stage would have appeared 
in the negative moment sections and would have consisted of minute hairline 
cracks 0 
One of the strain gages registered a sudden increase in strain, 
indicating cracking at the interior face of the drop panel of column l1p 
However, this could not be confirmed by visual observationo 
803 Phase 2 
(a) Load i n9 
The nfai lure 10ad il was reached in six increments above the design 
10ado These increments were applied over a time interval of 3 hours and 20 
minuteso The appl ied cumulative loads were as follows: 380, 475, 570, 9.65$ 
690 D and 710 psfo An attempt was made throughout the test to increase the 
loads by 100 psf incrementso However, as fai lure became imminent the increments 
were reduced 0 
As soon as a load of 665 psf was applied D there was a sudden drop of 
about 35 psf generated by extensive cracking of columns 2 and 30 Before deflec-
tion readings, were taken the load was again increased to 665 psfo 
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(b) Deflections 
Throughout the various load levels the deflection at the center 
of panel A was consistently the largest recorded deflection. At the 18fai lure 
load" of 710 psf the mid-panel deflection of panel A was 0.30 in. or about 
L/45. The mid-panel deflection of interior panel E was only 0.05 in. or about 
L/300. The shallow beam deflection was 0.24 in. (L/60) occurring at the point 
where a positive yield line had formed across the beam. For the deep beam the 
maximum recorded deflection was 0.04 in. (L/375) , occurring near where the 
positive yield lines formed in the slab. 
The load-deflection curves are presented in Figs. 8.4 and 8.5 and 
it is of note to observe the more rapid increase in mid-panel deflections 
for panels A, Band C across which the positive yield line developed. These 
rapid increases in deflection were a result of the yield line combined with 
the excessive rotation of columns 2 and 3 about their brackets. Also there 
was a rapid increase in deflection at point A2 {midspan of shallow beam} 
caused by the yield line passing through the beam. 
A schematic diagram of the deflections at 710 psf applied load is 
given in Fig. 8.6. This diagram clearly shows the uvalleyBi which developed 
in panels A. Band C. Deflections in these panels were approximately 1/4 in. 
whereas the midpoint deflections of the symmetric panels were approximately 
1/10 in. 
(c) Cracks and Mode of Failure 
The first observable crack was located after load increment 3 had 
been applied (380 psf). This crack formed at the corner column of panel A 
(shallow spandrel beams intersecting at column 1) and was caused by combined 
bending and torsion. 
column 
-56-
With the application of load increment 5 (570 psf), the crack aro.und 
had widened considerably. On the exterior face of the beam parallel 
to the final slab yield line, the crack had widened to 0.005 in. whereas on 
the exterior face of the beam perpendicular to the final slab yield line the 
crack was hardly visible. On top of the slab, however, the crack was plainly 
visible. 
Also at this load level cracks were observed in the exterior columns 
adjacent to panels A, Band C (columns 2 and 3). These cracks formed on the 
tension sides somewhat above the level at which the bracket framed out of the 
inside face of the column. These cracks represented the only major.o~servable 
indications of distress in the test structure. 
As the application of the load continued and increment 6 had been 
applied (665 psf), there was a rapid drop in the load which was undoubtedly 
caused by the sudden widening of the cracks that had been observed previously 
in columns 2 and 3. The main flexural crack in column 2 was observed to have 
a width of approximately 0.01 in. This crack was located on the exterior face 
of the column 9 approximately 005 in. below the bottom of the shallow beam and 
extended toward the interior face of the column near the intersection of the 
bracket and the column. 
Other cracks observed at the 665 psf load level were small cracks 
in the other exterior columns, occurring in nearly the same location as the 
crack in column 20 The crack first observed after load increment 3 at this 
stage had increased to approximately 0001 in. A close inspection was made 
with a magnifying glass for flexural cracks in the positive moment sections 
of the spandrel beams, but no cracking was detected. 
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As increment 7 ,was applied the crack in column 3 widened considerably, 
resulting in a drop of the applied loads and greatly increas~d deflectionso The 
cracks in columns 2 and 3 were observed to have increased to 0004 ino as the 
appl ied ·load was, 690 psfo These two columns seemed to be the only ones which 
showed excessive distresso The combined torsion~bending crack at column 1 had 
not progressed appreciablyo 
Load increment ,8 was applied!) bringing the applied load to 710 psf 
at which time the deflections in panels A!) Band C were being increased mainly 
by the rotation of tile columnso . This load was defined as the Bifailure 10ad Bl 
of the slab on the shallow beam sideo At this load, the strip of panels A, B 
and C exhibited extensive damage and further jacking would serve only to deform 
the structure rather than increase the load. 
The development of the yield lines in this structure is very inter-
esting and was influenced considerably by the inabi lity of the columns to 
provide adequate moment capacity for the slabo Instead of the positive yield 
line forming at or near the center of the panels as would be expected, it 
formed at a distance of l/4 from the exterior column centerlineo The fabrica-
tion of the reinforcement obviously had some influence in producing this effect 
since only one-half of the positive reinforcement extended beyond the middle 
stripo This arrangement would have been sufficient to carry the moment if the 
exterior columns had not failedo The failure of the exterior columns (columns 
2 and 3) resulted in the lowering of the exterior negative moment capacity, 
the loss 'of which required the excess moment to be distributed to the positive 
moment sectiono This additional moment 9 reSUlting from the redistribution 9 
was of such a magnitude as to cause the yield line to form at the edge of the 
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middle design strip, where the resisting moment capacity was greatly reduced 
as a result of the reinforcement cut-offo 
The column failures seem to have resulted mainly from bond problems 
since it is obvious that the over-reinforced columns did not yield. Fig. 807a 
shows the manner of fai lure of the columnso From Fig.8.7b it can been seen 
that there was little moment capacity retained in the column since it was 
relativ~ly free to rotate about a point below the bracket. 
Figure 8.7c also shows the extent to which the positive slab yield 
line extended into the shallow beam. The positiye yield pattern can be seen 
in Figo 8.14b. The view of the top of the slab with the cross-hatched lines~ 
shows the extent of the crushing of the concrete which was easily visible with 
the naked eye or a small magnifier. 
~n summary, the mode of failure can be defined as being a slab 
failure, however, this failure mode was uforced" by a column reinforcement 
bond fai lure. The yielding of the one shallow beam in the positive section 
adds a partial structural failure mode into the final failure mode also. Thus, 
it is quite evident that the failure in this case cannot be ascribed to a 
simple mechanismo 
804 Phase 3 
(a) Load i ng 
The failure of panels As 8 and C was such that they wpuld carry no 
increased loads however, much of the structure was sti 11 intact. The test was 
continued after closing the valves to the hydraulic jacks of panels AD 8 9 C, 
D and Go Thus g loading continued on the four panels in the corner where the 
deep beams framed togethero The load held on panels A, 8, C9 D and G was 
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maintained from 600-700 psf during this phaseD whi Ie loading continued on 
panels E, F, Hand Jo 
Four increments of load were applied during this test phase~ but 
the maximum load carried was produced when increment 10 was applied (945 psf). 
Further jacking resulted in only deforming the structure with a decrease in 
the applied load of over 100 psf in increment 12 (810 psf). For all practical 
purposes the structure had Blfai led" at the 945 psf load levelo 
(b) De f 1 e c t i on s 
Load-deflection curves are presented in Figo 808 which show the mid-
panel deflections of the four panels to which load was applieda Also shown are 
several typical deflections of column centerlines and beams at midspano The 
broken portion of the load-deflection curves !s to emphasize the fact that a 
different pattern of loading was used& thus the curves in general are discon-
tinuous at the load pattern change. 
Deflection of the interior panel E under this loading reached 0012 Dn. 
at load increment 12 (810 psf)o Of note, however, is the large deflection 
(0063 ino) observed in panel J v at the intersection of the deep spandrel beamso 
This deflection was nearly double that observed in panels Hand Fo This can be 
explained qualitatively by the fact that a considerable amount of the load 
applied to these panels was carried by the adjacent panels which received no 
additional load incrementso Also the development of a positive flexural crack 
in one of the deep beams allowed the increased deflection in panel J. 
(c) Cracks and Mode of Failure 
Several rather significant crack developments were observed in this 
stage of testing. After application of the 945 psf load a combined torsion 
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and flexural crack in the slab progressed from the face of the exterior 
column to midspan on the top of the deep spandrel beamo This cracking 
occurred adjacent to panel Fe The crack was observed to be approximately 
parallel to the edge of the structure, a distance of about 0.2 in. from 
the edge. The width of the crack was 0.005 in. and was located behind the 
anchorage of the negative slab reinforcement. This crack was most probably 
the result of the inability of the slab to achieve rotational capacity from 
a torsion-flexure failure near the beam-column connection. This type of 
fai lure was impeded by the combined torsion-shear spiral reinforcement used 
over a length of one-sixth the span of the beams from the column centerlines. 
Thus the deep beams and the columns provided sufficient restraint in torsion 
aiong panei fv forcing the failure outside of the negative slab reinforcement. 
Also after the applicat.ion of the 945 psf load a definite yield line 
was observed in panels Hand J. As opposed to the positive yield line that 
formed on the shallow beam sides this line formed very near the middle of the 
span. The effect of the deep spandrel beam was sufficient to aid the column 
an retaining its moment capacity keeping the positive moment more nearly in 
proportion to the desBgn moments which was not the case observed for the 
shallow beam sideo These observations support the conclusions reached in 
Section 8.3c. 
With the application of increment 11 (875 psf) which actually 
resulted in a drop of 10ad~ column 15 fai led under the imposed "deformations. au 
See Fig. 809. The yield line at the center of panels Hand J widened somewhat. 
However p another yield line began forming at the outer edge of the middle 
design strip where one-half of the positive reinforcement was cut. The 
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redistribution of moment after the loss of the moment capacity of the column' 
was great enough to Blforce81 the format i on of a new yi e Id 1 i neg 
Considerable, crumbling of one corner of the drop panel around 
column 11 occurred at this level of 10adingo 
Attempts to increase the load resulted only in further deformation 
of the structure. The state of panels Hand J was one of extreme distress 
with the cracks widening after the torsional cracks began to form in the deep 
beams beyond the spiral reinforcement 0 The .main positive yield line in the 
slab seemed to have shifted to the outer line with the yield line at midspan 
closing somewhat. The test phase was ended with this last increment of "load. 1I 
8.5 Phase 4 
(a) Loading 
The loading in this phase consisted only of increments applied to 
the interior panel E whi Ie the load on panels A, Bv Cp 0 and G was held at 
approximately 600-700 psf and the load on panels F, Hand J was held at about 
800 psf. With these loads on the surrounding panels however p the negative 
moments around the interior panel Were not exactly symmetric. 
The increments applied were dictated by the deflections produced 
since it was desired to obtain a continuous set of deflection readings. The 
maximum applied load that was sustained on panel E was 1350 psf. 
(b) Deflections 
Load-deflection curves are presented in Fig. 80100 After the maximum 
load of 1350 psf was reached, further attempts to increase the load resulted in 
merely deforming the structure. The deflections increased at a fairly rapid 
rate as the yield lines began to widen considerably~ as is shown by curve EO 
with its long, flat-topped portion o 
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Deflections had by this time become so great as to exceed the 
one-inch stroke capacity of the main dials monitoring panel E. The deflec-
tions exceeding one-inch were obtained with calipers with reference to the 
tip of the dial. Figure 8011 presents an approximate schematic deflection 
diagram for the interior panel at the end of the tests. 
(c) Cracks and Mode of Fai lure 
As the load on the interior panel reached the 1350 psf level, 
rather extensive spal1ing of the drop panels of the interior columns occurred. 
This spalling in many places exposed part of the positive steel which extended 
into the drop panels. The spalling of the drop panels occurred on the Ulinner 
corners" which by the end of the test were almost completely destroyed. 
Cracking of the slab proper was quite pronounced. However, the 
majority of the yield lines were confined to the regions near the interior 
panel. The yield line pattern that developed was a circle with the circum-
ference just tangent at the liinner corner" of the interior column capitals. 
This circular pattern which extended out of the interior panel showed that 
part of the load was carried by the surrounding panels. It seemed that the 
slab had nearly developed all of its moment capacity and was merely deforming 
instead of loading. 
For the large deflections, over 105 in.~ which corresponds to about 
six slab thicknesses, the in-plane forces had an effect on the behavior of 
the structure. Rather unusual geometric deformations resulted in order to 
form the 18basket18 in the interior panel. 
Along the major yield line adjacent to the line connecting columns 6 
and lOD a shear fai lure finally occurred as further deformation proceeded. At 
this point the test was ended since further deforming would have resulted only 
in more of this type shear fai lure. 
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Figure 8.12 shows the shallow beam side at the end of the test as 
well as a general view of the slab with the loading system in place. The 
final crack patterns are shown in Figs. 8.13 and 8.14. Figure 8.15 presents 
photographs of the bottom and the top of the slab after testing. The distress 
of the interior panel is shown in Fig. 8.16 .by the amount of sag that is 
present and the beginning of bond failure. 
8.6 Summary 
Behavior under the design loads can be said to have been essentially 
elastic, that is the deflections could be predicted with reasonable accuracy by 
elastic theory, the steel strains were in the elastic range and the cracking was 
chiefly small internal cracks v with perhaps small visible cracks confined to the 
negative moment regions. 
The mechanism associated with~he fai lure adjacent to the shallow 
beam consisted of slab yield lines at the outer edge of the middle design strip 
of panels A, Band C and along the column centerline of columns 5-8. Also 
included in the mechanism was the fai lure of the exterior columns (2 and 3)v 
essentially by bond. The yield strength of the slab was not developed; failure 
was 81forcedD! by the reduction of the exterior moment capacity. As a result g 
any yield line analysis would predict a larger failure load than that observed. 
Of note however 9 is that the torsional-bending-shear fai lure near the beam-
column connection was almost completely eliminated by the use of the spiral 
reinforcement. 
Adjacent to the deep beam the failure mechanism consisted of yield 
lines at the column centerline of columns 14 and 150 As in the case adjacent 
to the shallow beam, the spiral reinforcement provided a great deal of resistance 
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in combined torsion and shearo The distress after continued loading became 
evident ,at regions outside the extent of the spiral reinforcement 0 
The interior panel's fai lure was in a mode such that the negative 
yield line formed a circle which was nearly inscribed within the perimeter 
of the panel and the positive yield lines generally being oriented perpendicu-
lar to the column centerlineso The positive pattern was rather complex, mainly 
as a result of trying to conform to the deflections and sti 11 retaining a 
08smooth surfaceo no 
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9. STRENGTH ANALYSIS 
9.1 Introductory Remarks 
The determinati'on of the strength of StrutturesF4 and FS is 
important to the investigation in that a comparison of the computed and 
observed st rengths 'i s a measure of the va 1i d i ty of known methods of 
analysis. 
Slabs can be considered nearly ideal structures from the point 
of view of structural- behavior and construction. They do however, possess 
two inherent weak links:' the 'transfer of shear and moment to the columns. 
As mentioned in Chapter 8 the combined torsion-shear spiral reinforcement 
present in Test Structure F5 did in some respects tend to alleviate the 
effect of these weak links. The effect of these weaknesses is only discussed 
in the analysis when either of them became critica'l as observed in the test. 
The ana 1 y.s is was based on the Blyi e 1 d 1 i ne ana 1 ys is" wh i c~ was 
developed by A. Ingersl,ev (5) and improved by K. W. Johansen (6). 
Theoretically the analysis will produce the upper limit on the 
strength of the structure for a given yield pattern. The method relies on 
the selection of arbitrary yield lines v or plastic hinge lines p which are 
sufficient to form a collapse mechanism, from which the fai lure load can be 
computed. The lower bound for all mechanisms may be found through trial and 
error in order to define which set of yield lines wi 11 produce the lowest 
computed failure load. 
In general, consideration must be given to whether the boundaries 
of the segment under consideration p6ssess sufficient rotational capacity 
for the formation of the collapse mechan1smo This consideration is required 
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since in all usual cases the yield lines to form the mechanism will not 
all ~evelop at the same timeo In a reinforced concrete slab one ~an 
usually neglect detailed considerations of rotational capacity because of 
the low stee1 percentage present in the slabo 
Another basic assumption in the "yield line analysis" is that 
the method precludes the possibi lity of all failure modes except that 
associated with flexure. Thus, any observed distress resulting from the 
weak links mentioned previously wi 11 tend to invalidate a strict "yield 
line analysis. 1I The effects of the torsional rigidity of the edge beams 
were not considered in th~analysis since any attempt to take these into 
consideration results from rather vague assumptions with the present state 
of knowledge. 
9.2 Moment Capacity of Critical Sections 
The resisting moments across slab sections at which the plastic 
hinge or yield lines formed were computed using the formula for ultimate 
moment, 
M = A f d (1 - Oo4k ) (9. 1) 
u s su u 
where 
A f 
k s su (9.2) = bdf u 
cu 
Moments could also have been computed using the straight line 
formula, 
where M 
M u 
A 
s 
fsu 
d 
b 
fl 
C 
jd 
-67-
= resisting moment, capacity of the-section 
= ultimate moment capaci ty of the 
= area of tension reinforcement 
= steel stress at ultimate 
= ,nomi na 1 effective depth 
= width of the section 
= concrete strength in compression 
Oo7f B 
C 
= effective internal moment arm 
section 
However 11 these moments wou 1 d 'have bee,n numer i ca 11 y equa t to those given by 
Eqo 9.1 since the slab sections were underreinforced and, since the stress-
strain curve for the steel was nearly flat-topped. These calculations 
neglected any strain hardening in the reinforcement. 
The value of "d H used in the calculat~ons was 3/8 in. for sections 
through the thickness of the slab and 9/16 in. for sections through the drop 
panels. 
The beam strengths were also determined using Eqo 9.1. For the 
shallow beams the analysis referred simply to a rectangular beam with the 
dimensions of the edge beam. However, for the deep beams the moment capa-
cities were determined for a beam with a flange. The flange width was 
assumed to be equal to the width of the beam plus four times the slab 
thickness, or 2.25 in. 
903 Fai lure Mechanisms 
Four basic failure mechanisms that were investigated in the strength 
analysis are presented in this section. The first mechanism considered was 
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designated as a "slab fai lure ll which was analyzed in three different sections 
of each test structure. These sections were an exterior strip of panels adja-
cent to a shallow beam, an exterior strip of panels adjacent to a deep beam and 
a strip of interior panels. The fai lure mechanism for the first two sections is 
shown in Fig. 9.1 and the mechanism for the third section is shown in Fig. 9.2. 
The negative moment yield lines are indicated by solid lines and the positive 
moment yield lines are indicated by broken lines in the figures. For the first 
two sections the positive yield lines occur parallel to the edges near midspan 
and extend between the centers of the corner panels and from the center of the 
corner panels to the corner columns. Negative moment yield lines occur at or 
near the face of the beam, around the perimeter of the interior panel, and from 
the interior columns to the center of the respective corner panels. In the case 
of the third section, the negative yield lines are at or near the face of the 
beams and near the column centerlines. The positive yield lines occur at mid-
span from center to center of the exterior panels and then to the exterior 
columns. 
The second basic collapse mechanism was designated as a "structural 
fai lure. 1I This was considered at the same three sections as the "slab fai lure" 
mechanism. Figure 9.3 represents the Olstructural failureDl on either the side 
adjace~t to the shallow beam or on the side adjacent to the deep beam. In 
Fig. 9.4 the mechanism is shown for the third section, IIs tructural fai lureBt in 
the interior strip. These three sections to form the I8 s tructural fai lureBl 
exhibit a positive yield line at nor near the center of the strip across the 
entire structure. Thus, the effect of the ultimate moment capacity for the 
beam must be cons-~red~ addition to that of the slab. The negative yield 
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lines in the case of the interior strip form near the column centerline 
and in the exterior strip near the face of the beam and near the column 
centerline. 
The third and fourth basic collapse mechanisms considered, are 
associated with the slab collapse of only the interior panel. Mechanism 
(a) is based on the positive yield lines which form an "XII from column to 
column and the negative yield lines form near the column centerlines along 
the perimeter of the panel. This mechanism is shown in Fig. 9.5. The last 
mechanism considered was also for the slab fai lure of the interior panel, 
Mechanism (b). This collapse mechanism consists of positive yield lines 
to form the edges of the eight wedges with a negative yield line forming 
around the entire perimeter. Figure 9.6 illustrates this idealized mechanlsm. 
One very important fact that must be known for the analysis of these 
various mechanisms is the location of the centroid of the vertical reaction, 
or in other words the shear distribution. Movement of this centroid has the 
effect of increasing or decreasfng the effective span of the slab and thus 
affects the computed ultimate load capacity. In some of the failure mechanisms 
the extremes for the location of the reaction were used. The smallest effec-
tive span was created by assuming the reaction centroid to be concentrated at 
the corner of the capitals. The other extreme was to assume the reaction to 
be at the face of the edge beams or at the column centerline for the interior 
reaction.' This value, however, was feit not to be realistic 9 thus the 
reaction centroid was computed by assuming the reaction to be uniformly dis-
tributed along all supports, that is, beams and capitals. Some computations 
were also performed' assuming a 50 percent distribution of reaction to each of 
the beam and capital as an intermediate assumption. 
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As reported by Hatcher (2) the best correlation between moments 
computed from reaction measurements and moments computed from steel strains 
was obtained by assuming the shear to be uniformly distributed around the 
supports. 
904 Comparison of Computed and Observed Strengths 
The table included in this section presents the computed strength· 
for each of the modes of failure and the various reaction assumptions for 
Structures F4 and F50 The values reported here were obtained by assuming 
the load to be sixteen concentrated' point loads per panel which was the 
actual load configuration in the test~ Computations, however, for a uniform 
load gave nearly identical results except in the case of Mechanism (b) for 
the interior panel 0 The sensitivity for this case arises since the segments 
of this mechanism have a portion of their area outside the boundaries of the 
interior panel 0 In the case of the uniform load there is additional load 
on the segment 9 but no increase in the moment capacityo However, the case 
of using sixteen concentrated point loads caused no increase in the external 
loads on the segment since the sections were such that no additional load 
poi'nts were included in the sections. 
As seen from the table, the critical failure mechanism based on 
calculations. should be a slab fai lure adjacent to a deep beam for the 
81 un iform reaction" assumption in both of the test structures. It must be 
realized that the computations made no compensation for the effect of the 
deep beam on the position of the reaction. Thus~ in the case of the deep 
beam it seems as though the assumption of the reaction being uniformly 
distributed along all the supports is not very realistic. If we instead 
-71-
TABLE OF COMPUTED STRENGTHS 
FAILURE MODE 
SLAB FA I LURE 
(a) Exterior strip adjacent 
to sha 11 ow beam 
(b) Exterior strip adjacent 
to deep beam 
(c) Interior Strip 
STRUCTURAL FAILURE 
(a) Exterior strip adjacent 
to sha 1 low beam 
(b) Exterior strip adjacent 
to deep beam 
(c) ~nterior strip 
!NTERIOR PANEL 
Mechanism (a) 
BlCross Pattern il 
Mechanism (b) 
BlCircu1ar Pattern" 
( 1 ) 
* See Figo 9.70 
ASSUMED 
REACTION 
DISTRIBUTION 
Uniform 
50%-50% 
Concentrated 
Uniform 
50%-50% 
Con cent rated 
Uniform 
50% .. 50% 
50%-50% 
Uniform 
Uniform 
Concentrated 
* Reaction @ A 
* React i on (W B 
..,'( 
Reaction @ C 
* Reaction @ C 
TEST 
STRUCTURE 
F4 
(psf) 
650 
700 
835 
590 
615 
865 
755 
770 
675 
810 
1030 
1620 
720 
850 
1020 
1100 
TEST 
STRUCTURE 
F5 
(psf) 
790 
840 
1010 
700 
725 
1010 
955 
920 
800 
1030 
1360 
2290 
950 
1130 
1350 
1450 
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examine the values obtained for the slab failure in an exterior strip adjacent 
to a shallow beam with a uniform reaction assumption, the comparison to the 
observed ultimate is good. Justification for examining the strip adjacent to 
the shallow beam instead of that adjacent to the deep beam is a result of the 
assumption that the edge beams had no effect on the s1ab fai lure. This was not 
the cases especially in the strip near the deep beam. The effect of the deep 
beam was to add a great deal of torsional rigidity to that of the exterior 
columnsD This additional rigidity helped the columns receive the loads from 
the slab without extreme deflection of the slab resulting from column rotationD 
The computed strength obtained for Structure F4 was 650 psf and the 
observed ultimate load was 620 psf. For Structure F5 the computed strength 
was 790 psf with the observed ultimate capacity being 730 psf. Both of these 
computed values for the ultimate load are above the observed ultimate capacity. 
This would be expected in the analysis even if the exact locations of the 
reactions were known, since all sections were assumed to be at the yield capacity 
which in actuality was not strictly trueD Also any fai lure in the columns or 
beam-column connections would tend to reduce the observed ultimate capacDty. 
The assumption that the reaction is concentrated at the corner of 
the column capitals is not realistic because the capitals deflect considerably 
at high loads and thereby cause a shift in the reaction toward the beam. This 
results in a span increase with a decrease in the ultimate capacity. 
With these considerations it seems that the best predoction of the 
strength of the structure is obtained by computing the ultimate load for a 
slab mechanism for the exterior strip of panels adjacent to the shallow beam, 
assuming a uniform reaction distribution along all supports. This represents 
the same conclusions inferred by Jirsa (3)0 
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On the basis of the calculations it appears that a reasonable value 
of the ultimate capacity for F4 w~s 650 psf and for F5 p 800 psfo Based on the 
design load of 285 psf these give factors of safety of 203 and 208 for 
Structures f4 and F5 respectivelyo 
Fai lure loads for reasonable assumptions about the reaction shear 
distribution for structural failure mechanisms were considerably higher as a 
result of the additional strength provided by the beamso 
Comparisons of the strength of the interior panel can be made only 
in the case of Structure F5 since the testing of Structure F4 ended with the 
slab fai lure adjacent to the shallow beamo The table of computed values, 
however, presents a calculated value for the strength of the interior panel 
for both test structureso Further discussion wi It be limited to Structure F50 
Mechanism (a) for which the strength of the interior panel was com-
puted (see Figo 905) is a simplified representation of the actual failure 
mechanism. For the pattern assumed s the 88X B6 pattern~ the edges where the 
negative yield lines formed had deflections too large for each of the four 
triangular segments to remain reasonably planeo Along the edges of the actual 
interior panel under consideration there is no absolute restraint agaanst 
vertical deflection, only restraint resulting from the adjacent panelso 
Another bOWldar.y. c:.ond~ .. t i on that cannot .be un i que 1 y def i n.edby th is mechan ism 
is the distribution of shear along the negative yield lines as well as around 
the column capitalso This unknown distribution of shear, however, can be 
studied for the limiting or reasonable extremes to evaluate the effect on the 
computed strengtho Presented in the Table of Computed Strengths are two 
values obtained for the 86XRB pattern for different possible shear distributionso 
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The computed values obtained for the strength of the interior panel 
of Structure f5 showed a large rangeD resulting from the two different assump-
tions about the shear distribution along the supportso These two assumptions 
about the location of the reaction can be considered reasonable extremeso If 
the shear is assumed to be uniform around the support the yield load is com-
puted to be 1360 psfo The assumption that the reaction is concentrated at the 
corner of the column capatal produces the shortest lIeffectiveU span, resulting 
in a hogher calculated capacityp 2290 psfo 
That the observed strength of the interior panel was 1350 psf, which 
compares very closely to the values of 1360 psf obtained for the "XU I pattern» 
is only coincidental since as pointed out the real boundary conditions differ 
from those of the assumed mechanismo 
The mechanism that was observed formed a IIbasket ll shape in the 
interior panel, extending beyond the edge of the panel near the middle of 
the column centerlineso From Figo 8015 it is obvious that the failure mechanism 
that formed tended to be circularo The explanation for this tendency to form 
a circle results from the fact that the mechanism reSUlting from the circular 
pattern wi 11 carry a lower 10ad than a s~uare patterno If a uniformly rein-
forced 9 uniform!y loaded typical interior panei is considered B the computed 
collapse load .using the onXoopattern is 48m/L2 , where m is the yield moment per 
unit widtho However 9 if the failure pattern is changed to a circle which is 
corcumscrsbed about the square the collapse load is 24m/L2 o These values 
clearly B ~lustrate that the circular pattern does tend to reduce the load per 
unit area which results in the formation of the collapse mechanismo The total 
loads, however» do not differ as mucho The total collapse load for the square 
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pattern is 48 m without consideration of I8corner leversUl whereas for the 
c i r cu 1 a r pa t tern i tis 121lin 0 r 37 0 8m 0 
To approximate the circular yield pattern a series of eight tri-
angular segments were selectedo The idealized mechanism is shown in Figo 9060 
Again as was the case of the BlX8I pattern, this pattern~ the circular pattern 
does not meet all boundary conditions, but is merely a simplified representa-
tion of the failure mechanismo Two variations of the circular pattern were 
analyzed for 16 concentrated loads per panelo For variation (1) the radius 
of the circumscribed circle was chosen to be the line segment from the center 
of the panel to the intersection of the edge of a capital and a column center-
line. The radius of the circumscribed circle for variation (2) was taken as 
panel to the corner of a capital~ These 
patterns are shown in Fig. 9.7 with the locations of the assumed reactions. 
The results of these calculations are also presented in the Table of Computed 
Strengths. Assuming the reaction at A in the calculations represents a cal-
culation based on the longest 8Be ffective Bi spantJ whereas assuming the reaction 
at C is a calculation based on the shortest spano Using a uniform shear dis-
tribution around the column ca~ital results in the reaction acting at Bo The 
values obtained generally show that these mechanisms do in fact, result in a 
co 11 apse mechan ism wh i ch can be formed by a lower load than the OIX88 mechan i sm. 
Note must be made to the fact that for the real structure the ratio of the 
fai lure load for the BlX8I pattern to the fai lure load for a circular pattern 
is not 2~1 as was the case for the uniformly reinforced, uniformly loaded 
typical interior panel. This results from the fact that the structure was 
loaded with concentrated 10ads D some of which were not included in the circu!ar 
mechanism. Thus in the case of the uniform loads 9 the extension of the pattern 
-76-
into adjacent panels adds load, but for the concentrated loads, the mechanism 
does not extend far enough to increase the loads acting. 
A nominal collapse load that might be taken for the interior panel as 
a result of the computations is 1100 psf. The actual collapse load was 1350 psf. 
The additional load carried can be attributed to the in-plane forces or mem-
brane forces. 
In conclusion, it may be stated that the yield line analysis does 
predict with reasonable accuracy the collapse loads of a structure~ However, 
there are some points involved in the assumptions used as a basis for the cal-
culations which have considerable effect on the magnitude of the collapse load. 
First, the fai lure mechanism must be such that the assumed yield lines are 
developable; their development should not be preceded by torsional and/or shear 
fai lures. The other point which causes uncertainty is the determination of the 
position of the slab reaction. This determination will be subject to doubt in 
actual slabs on columns having finite dimensions as a result of the complexi-
ties of support at the columnso 
Considering the possible variation of assumptions that can be made, 
none of which can be definitely proved, it seems nonsensical to attempt to 
define a unique value to the collapse load for complicated slab systemso Thus p 
st rength ca 1 cu 1.at ions· based on the concept of the yi e 1 d 1 i ne theory shou 1 d be 
used merely as estimates of capacity. 
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100 COMPAR~SONS OF BEHAVIOR 
1001 Introductory Remarks 
The obJect of 'this chapter is to compare'the behavior of the 
1!-16-scale test structures re'po'rted in this investigation with that of the 
1/4-scale structures which were tested as a part of the floor slab investi-
gation at'the University of 111ino1so SubsequentlYD conclusions wi 11 be 
made as to the feasibility of using 1/16-scale test structures for behavior 
studies' of similar prototype structures as well as an 'evaluation of a new 
design procedu~e~ 
Comparisons are based on the geometry of the test structures, the 
materials~ load~deflectiori'curves~ crack patterns and fu6de of~failure. The 
comparisons are made within twO ranges of behavior of the test structures. 
The first comparisons are based on the behavior during the elastic or nearly 
elastic range, Phase 1. Final comparisons are a study of the behavior during 
Phase 2 or the inelastic range. 
1002 Description of Structures and Materials 
The structures under consideration were all flat slabs with drop 
panels and square column capitalso The ratio ell, capital width to spang was 
002 for each of the test structures. Geometrically, the structures were 
simi laT 0 
Structures F2 (1) and F4 were identical with regard to reinforce-
ment pattern, since, each was de,signed by Section 1004 of the 1956 AC~ Bui Iding 
Code (4). The' o'n 1 y difference between the two structures was in the sea 1 e 0 
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Structure F2 was 1/4-scale whereas Structure F4 was 1/16-scale. The reinforce-
ment in each consisted of individual bars. 
The other 1/4-scale structure tested, Structure F3 (3), was ~lso 
designed by Section 1004 of ~he 1956 ACI Bl.!i Iding Code, however, the reinforce-
ment provided consisted of welded wire fabric. 
The last structure under consideration was a l/lS-scale test s~r~cture, 
Structure F5. The design procedure, as discussed in Chapter 2, was based on the 
statical moment with the distribution of steel to the various sections being 
proportioned as proposed by Hatcher (2). The reinforcement consisted of bars 
represented by wire as was the case in Structure F4. 
The properties of the materials used in the construction of the four 
flat slabs are presented in the following table. 
PROPERTIES OF MATERIALS 
Structure 
F2 F3 F4 F5 
1/8 11 Square Welded Wi re 0 .. 03581 cp 0 .. 035 11 cp 
Plain Bars Fabric Annealed Wi re Annealed Wi re 
f (ksi) 42 70 @ 0.002 offset 46 48 
Y 
fO (psi) 2800 4000 3700 3100 
c 
E 
1 __ 6 .~ 
301 3.7 3.7 ";,'c 
C 
\ I U ps i ) 
(ps i) ** f 600 750 550 
r 
*; Not measured directly. Assumed to be 3. 1 x 1 psi in all pertinent cal-
culations. 
~rkBased on splitting tests on cylinders. Average value of 460 psi so obtained 
was corrected on the basis of previous tests of split cylinders and modulus 
of rupture beams made from the same type of concrete. 
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Reinforcement arrangement,for the four test structures is given in 
Tables 1001 and 10.2. The steel areas shown for Structures F2 and F3 are 
the actual amounts that were used in the. various design locations. For 
Structures F4 and F5 the values given in Tables 10.1 and 10.2 represent 16 
times the actual area of steel used in the 1/16 ... scale structureso Figure 1001 
identifies the location of the various design sections enumerated in Tables 
1001 and 10.20 
10.3 Deflections ... Phase 1 
Deflections di'scussed in this section are concerned with the behavior 
of the structures,.in the 81e las ticlf range when the effects of cracking were 
insignifican~.~n t~~ over~al1. r~sponse of the structures. Throughout this 
phase t.he response of th~ s~ructures was mainly dependent ~pon the properties 
of the concrete. 
The load-deflection curves ar~ presente9 in Figs. 10.2 to 10.6 in 
order that comparisons may be made among the various models. The curves pre-
sented are corrected for the effects of scale and modulus of deformation of 
the concrete. Since the behavior in Phase 1 is dependent upon E, the modu1us 
of deformation, comparisons of behavior for the various structures which 
possess somewhat different elastic properties were reduced to a common reference. 
The corrected load-deflection curves were all corrected to a value of 
E = 3.7 x 106 psi and the deflections were those for a 1/4-scale structure. 
c 
This represe,nted the values for Structure F3 9 the 1/4-scale structure rein-
forced with welded wire ,fabrico 
Corrections were made in accordance with the following relation~ 
S 1 E2 
6.1 = S; x ~ x 6.2 
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where ~1 and ~2 = &Ie last i cit deflection of structures and 2, respectively 
51 and S2 = linear scale factor for structures and 2, respectively 
El and E2 :::I in it i a 1 tangent modulus of the concrete for structures 
1 and 2, respectively 
The absolute load-deflection curves for the four test structures can 
be found in: 
Structure F2 - Reference 
Structure F3 - Reference 3 
Structure F4 and F5 ... Chapters 7 and 8 of this report. 
Also shown on the plots, as a broken line, is a curve which r.epresents 
the theoretical load-deflection curve as computed by a frame analysis pro-
cedure (7). The method as derived by Vanderbi lt consists of an ana1ysis of a 
two-dimensional frame in order to arrive at values for the deflection of a 
floor slab. This frame is referred to as an lIersatz frame," meaning a replace-
ment frameD 
The frame analysis method is based upon a concept of the way in which 
a multiple-panel continuous slab deflects. Consideration of the bending moments 
in a given span of the slab leads to the conclusion that there are lines of 
contraflexureD These lines wi 11 deviate somewhat from a straight line as a 
result of finite beam and column stiffnesses. 
In order that the analysis can be performed it is essential that the 
structure be replaced with its "physical 
slab el~ents which are delineated by the lines of contraflexure. The lines of 
contraflexure are considered as straight lines at a distance of Oo2L from the 
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columncenterlines. Thus, the strip including the centerline, having a 
width of O.4l is considered the beam element. The remainder of the panel of 
the slab, which is, 0.6l by 0.6l., is treated as a plate element. 
The deflection at the center ,~f the panel, in terms of ql4/0, is 
then a summation of the deflections of the elements used in the analysis. 
The total deflection comprises the deflection of the centerline of the beam 
element, the deflection of the edge of the beam element due to a rotation of 
a line segment of 0.2l through an angle e and the deflection of the plate 
c 
element. The angle e represents the rotation of the edge of the beam element. 
c 
The plate element is analyzed by an approximate procedure which is for a 
clamped plate which allows edge rotations to be accounted for. 
The frame analysis is carried out in four steps: 
(a) A portion of the structure is selected to act as an lIersatz 
(b) loading for the frame is determined. 
(c) Stiffness and carry-over factors are found. 
(d) The frame is analyzed for moments, slopes and defiections 
elastically using conventional procedures. 
Further details of the procedure can be found in Reference 2, 
Chapter 4 and Appendix C. 
Comparing the load-deflection curves on the basis of material 
properties and the theoretical solution (7) is the extent of the deflection 
comparisons to be made here. Noting the values tabulated in Section 1002, 
it would be expected that Structures F3 and F4 should exhibit similar behavior 
in the uncracked range, Phase 1. Examining. the load-deflection curves of 
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figs. 10.2 to 10.4 for mid-panel deflections indicates that this was indeed 
the case. This is generally true for all curves except for the curve EO. 
Structure f4 tended to be stiffer •. However, the total deflections for this 
panel are so small that an error of a small magnitude shows as a large per-
centage error. The largest percentage error of total deflection at 250 psf 
excluding panel E was 25 percent. This is based on f4 being compared with 
f3. When one considers the magnitude of the load and realizes the structure 
was cracked as well as the small magnitude of the total deflection, the curves 
compare quite favorably. 
The representative points on the column centerlines for which load-
deflection curves are given show much more deviation than do the mid-panel 
deflection points. This is especially true over the beams, where Structure f4 
seems to give a smaller deflection. 
Also on the basis of the concrete properties it would be expected 
that the load-deflection curves for Structures f2 and f5 correspond rather 
closely during Phase 1. Their concrete strength was simi lar as well as their 
value of E 0 from the plots shown in figs. 10.2 to 10.6 it is seen that this 
c 
was not the case. Beyond the load of approximately 100 psf the plots for 
Structure F2 show a great deal more deflection than do the plots for Structure 
f5 for the .. s.ame1.oa.d. Part of the difference between the load-deflection plots 
for f2 and f5 can be attributed to change of boundary conditions in Structure 
F2 compared to the boundary conditions of f5 or the other test structures. 
This change of boundary conditions resulted from the fact that the columns of 
Structure f2 were underreinforced. As the columns cracked the low steel 
percentage was not sufficient to hinder the rotation as was the case in the 
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columns with high steel percentages. The column rotation in turn contributed 
to increasing the deflections of Structure F20 Thus~ any pure~y qualitative 
compa I" i son wi thout regard to the change of, boundary cond it ions Ls not va 1 i d. 
All that can be said is tl1at th~ behavior of Structures F2 and F5 with regard 
to the slab was probably very simi lar. Comparisons of the behavior of the 
interior panels of F2 and FS will be made in the next section. 
10.4 Deflections - Phase 2 
The discussion of deflections 'in this section wi 11 be limited to the 
range of behavior de~otedas Phase 2 or the range of behavior during the 
inelastic stage. The behavior throughout Phase 2 was primarily dependent on 
the properties of the steel used in constructing the structures. However, 
also a contributing factor to the behavior was the arrangement of the reinforce-
ment in the structureso 
Figures 1002 to 10.11 present the load-deflection curves obtained 
from the tests on the fou'r st ructures under cons i derat i on. The poi nts for 
which the curves are plotted represent the load-deflection curves for the mid-
panel points of six of nine panels. The load-deflection curves for the remain-
ing mid-panel points were nearly identical to their symmetric panelso The curves 
as plotted represent the actual load-deflection curves obtained ,from the tests, 
except that the deflections recorded for F4 and FS were multiplied by four in 
order to make th~ scale factor the same. 
As a resuli of the be~avior not being elastic, no correction to a 
standard value of E could be' carried out as was the case for Phase 10 Instead 
some simplified method of evaluating the effects of the material properties had 
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to be derived. In order to carry this out, a beam loaded at the third points 
was chosen. The beam was simply supported and consisted of a section 12 in. 
wide, 7 in. deep and 20 ft long, reinforced with an area of steel equal to 
that present in a strip cut from the center of an interior design strip of the 
structure. 
Figure 100 12 presents calculated, idealized load-deflection curves 
for the simple beam with the material properties and steel percentages being 
those of Structures F3, F4 and F5. No calculations were carried out for 
Structure F2 since the actual load-deflection curves clearly showed that the 
structure behaved somewhat different from its model F4, and the other structures. 
This was caused primarily by the underrei,~forced columns contributing to the 
slab deflection by rotation. 
An exception to the general behavior of F2 not corresponding to F4 
can be seen ~en the 1oad-deflection curve for the interior panel is studied. 
See Figs. 10.3 and 10.10. Since under uniform loading the rotation of the 
interior columns as a result of the low steel percentage would be negligible, 
it would be expected that the behavior of the interior panels would be similar. 
The difference seen in the load-deflection curves is predominantly caused by 
the difference in material properties which, in the case of the interior panel, 
was the controlling factor as a result of the boundary conditions being similar. 
Comparisons between Figs. 10.12 and a typical load-deflection plot 
for a mid-panel point, panel B, Fig. 10.8, shows that the differences in the 
curves obtained from the tests can for the most part be explained by the 
materia1 properties. 
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First, the behavior of Structure F4 must be compared with that of 
Structure F3 in order to evaluate the feasibility of using I/l6-scale models 
to study the behavior of the prototype. ,The beam strips show a load-deflection 
relation which is nearly identical to the point where yielding occurs. This 
type of behavior can also be observed in the curves for the mid-panel points 
of the slab. It must be pointed out her~ that the use of the beam strips has 
no direct connection to predicting slab ~ehavior, but is used only to study 
the effects of material properties on the trends of the load-deflection curves. 
The large difference in the behavior of the beams fo~ F3 and F4 can only be 
the yield point of the steel. The concrete cqmpressive strengths were nearly 
equal, thus the behavior to cracking was very similar., Beyond cracking in the 
Phase 2 range of behav i or the re i nforcement became the cont ro 1 H ng factor of 
tne behavior. This can be seen in Fig. 10.7 and 10.120 Thus, it can be stated 
that Structure F4 did simulate Structure F3 considering load ... deflect"ion relations p 
the differences being those arising from different material properties. The 
validity of the effects of material properties on the load-deflection curves 
can be seen in the results which were obtained from beam strip tests (3). These 
tests clearly indicate the effects of materials upon ,the behavior of the beams. 
See Fig. 1 0 0 1 3 . 
With the fact established that the 1/16-scale model can' be used with 
validity to study the behavior of the prototype, an evaluation of the effect 
of reinforcement distribution may be made. For this the behavior of Structure 
F5 is considered since the method of design used in this structure differed 
from that used in F2, F3 and F4. The material differences between F3 and F4, 
the two I/l6-scale structures, is not large enough to account for the "stiffer" 
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behavior of FS evidenced by the load-deflection curves. The major difference 
was the amount and distribution of the reinforcement. The effect of the rein-
forcement used in FS can be seen when one considers the load-deflection curve 
for the interior panel in comparison .. ,to the curve obtained from the interior 
panel of F4. Even though the concrete strength for FS was less than that of 
F4, the deflections observed in FS were smaller. 
As a result of the new procedure for design as proposed by Hatcher (2), 
it seems that the criteria of serviceabi lity with regard to deflections may be 
better satisfied as well as a more balanced design being obtained in relation 
to other structural forms. The deflections were noticeably less in Structure F5 
than in -St ructure F4 and the factors of safety were 2. 1 and 2.6 for F4 and F5 
respectively. The safety factor of 2.6 on the ultimate is approaching the 3.2 
faotor of safety which is typical for the two-way slab systems. Thus, the 
design method as proposed by Hatcher tends to more nearly balance the design 
of a flat slab with the two-way slab with respect to the safety factor on 
ultimate. 
1005 Crack Pattern and Mode~ of Fai lure 
The behavior of the test structures with regard to cracking and mode 
of fai lure was generally simi lar in each case .. The formation of the slab yield 
lines was generally aided by the distress of the exterior columns or the beam-
column connections. The failure mechanism of Structure F2 included the failure 
of two of the exterior columns along the wall strip. As pointed out (1). these 
may not have participated in the me:chanism, but it is most likely that they dido 
The loss of moment capacity caused:'by the column fa; lure would cause a moment 
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redistFibutipn with the excess negativ~ moment redistr.ibuting to ~he positive 
section which te~ded to produce a ~ositive hinge li~e prematurel~~. The same 
phenomenon was observed for two exterior columns of Structure F3 only the 
column failure of one was even more dramatic in that the entire bracket was 
destroyed (3)0 Test Structure F4 also showed the s~meloss of moment capacity 
as was noted in Ch~pter 80. Structure FS showed a column fa! lure, however, it 
was mainly a bond failure, not a beam-column failureo In all 9f these fai lures, 
the slab was crossed along the centerline of a strip by a positive yield line 
and a negative yield line at the interior column centerlineo Also a negative 
yield line was evident from the center of a corner panel to the adjacent interior 
column and a positive yield line from the same point to the corner columno 
Figure 901 illustrates the ide~lized fai lure mechanismo 
In the case of the structures in which further tests were made on 
the interior panel only the cracks and failure mechanism was the IIbasket 8B 
shaped mode. The idealized mechanism is presented in Figo 9.60 
1006 Summary and Conclusions 
The behavior of Structure F3, a 1/4-scale structure, was closely 
simulated by Structure F4, a 1/16-scale test structureo The correspondence 
was observed with respect to deflections, cracking and general mode of fai lure 
wi th . appropr.i.ate a 11owa~.c.es· ·for-·mater ia.1. properties" 
With verification of the 1/4-scale structures made by the Portland 
Cement Association, it can be stated that the 1/16-scale models can be used 
to obtain valid results of the·behavior of a prototype structureo The structure 
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tested by the Portland Cement Association was a 3/4-scale model of the same 
prototype flat plate which was built at 1/4-scale at the University of 
I 11 i no is. 
The testing of F5 showed that the design procedure recommended by 
Hatcher resulted in a structure with a higher factor of safety and better 
service load performance than Stru-cture F4 which was based on the Empirical 
Design Method of ACI 318-56. 
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110 SUMMARY AND CONCLUSIONS 
1101 Tests 
This report describes' and analyzes the tests on two nine-panel flat 
slabs, F4 'and F5, made of rei"nforced concrete in a very sma'I1 scale. 'One of 
the test structures» f4, was' a 1/4-scale model of a previous test structure 
which was a 1/4':'scale'model of a prototype designo Thus, Structure F4 was a 
1/16-~cale model of th~ pr6totype design. The primary object for the tests 
on F4 was to study whether this 1/16-scale structure would give comparable 
results to the 1/4-scale structure already tested. Structure F5 was tested 
primari ly to study the effects of using a ne~ di'stribution of flexural rein-
forcement in flat slabs developed from'fundamental considerations of statics 
and geometrical compatibility. 
Panels were arranged three by three with each panel being 15 ino 
square and 7/16 in. thick. Figure 2.1 presents a general layout of the test 
structures. Other p~rti~ent dimensions a~e given in Chapter 2 of the report 0 
The design of Structure F4, as was the 1/4-scale structure it was a model of, 
was carried out according to Section 1004 of ACI 318-56. The design live 
load was 200 psf and the design dead load 85 psfo Structure F,5 was designed 
for the same 10ads v but the design procedure was that given by Hatcher in 
Reference 20 
The testing was carried out by loading each panel at sixteen points o 
The measurements included the load» deflections, strains and crack patterns. 
No time-dependent effects were studied. 
11.2 Behavior 
The behavior of the structures was studied with the load-deflection 
curves that were obtained from the tests. The resulting crack patterns were 
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also used as a basis of comparison as well as a guide to possible yield line 
mechan isms .. 
The behavior of both structures was ductile .. Figures 10.7 to 10 .. 11 
show evidence of the ducti lity by the tendency of the load-deflection curves 
to 81flattenll as the yield stress of the reinforcement is reached. The localized 
effect of combined torsion p shear and bending at the columns did, in the case 
of Structure F4, tend to decrease the strength. The loss of bond in the column 
steel of Structure F5 also lowered the strength somewhat, however, the over-all 
fai lure was still controlled by flexure. 
Cracking of the structures became quite pronounced as the loads 
approached the fai lure loads. The cracks or yield lines formed mechanisms 
leading to complete collapse of the structures. Figures 7.7, 7 .. 8,8.13 and 
8014 show the crack patterns that were present after the test to failure for 
each of the structures. Of particular interest is the circular pattern of 
cracking observed in the interior panel of Structure F5 which led to the 
81basketll shape seen in Fig. 8.16. 
1103 Strength 
Test Structure F4 fai led at a total load of 620 psf on al1 panels. 
The fai lure was initiated by the distress of the beam-column connections of 
the side columns on a side adjacent to a shallow spandrel beam. The ratio of 
-
ultimate load to design load for this structure was 2.2. An analysis based fon 
a failure mechanism confined within the slab yielded a value of 650 psf .. 
Test Structure F5 failed at a total load of 730 psf. Failure of 
the test structure was caused essentially by a bond fai lure of the side colu~ns 
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with some distress of the beam-column connectionso The ratio of the ultimate 
load to the design load was 2060 Yield line analysis for the slab indicated 
a value of 790 psfo 
1104 Conclusions 
As a resu1t of the test and analysis of Structure F49 a 1/16-scale 
model of a reinforced concrete flat slab floor p the feasibility of using the 
small-scale models to study the behavior of the prototype has been demonstratedo 
Observed differences of behavior between test structures of different size 
were a result of the different material propertieso 
Test Structure F5 9 also a 1/16-scale model of a reinforced concrete 
flat slab floor 9 was tested and analyzedo This structure was designed by a 
new procedure proposed by Hatcher (2)0 The results showed that the behavior 
was quite satisfactory and the structure possessed greater reserve strength 
than a simi lar structure designed by Section 1004 of AC~ 318-560 Observed 
deflections were smaller in the structure based on the new procedure than 
those in the structure designed by the Codeo 
Extensive analyses carried out by the yield line concept revealed 
that considerable varoation in the computed strength of the various assumed 
mechanisms could be arrived at p depending on the assumption made in regard to 
the distribution of shear at the supportso The tests emphasized the fact that 
in any analysis carried out by the YBeld line method based strictly on flexural 
hinges p that flexure must controlo The failure must not be caused by shear p 
torsion or bondo Also any value of the strength of an actual structure with 
finite dimensions arrived at by the yield line method should be regarded as 
a guide and not a unique valueo 
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~t follows from the studies reported here that needed information 
on the behavior of reinforced concrete slabs with openings, irregular layouts 
and boundary conditions, and loading arrangements can be obtained from tests 
on very small scale reinforced concrete modelso The main advantage of such 
mode!s is that they indicate the factor of safety as well as the serviceabi lity 
conditions and point out weaknesses of the structural form, if anyo 
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UoS .. Sieve Size 
#14 
#16 
#30 
#50 
#60 
#100 
Pan 
#50 
#60 
#100 
#200 
Pan 
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TABLE 3 .. 1 
SIEVE ANALYSIS FOR COARSE AND FINE AGGREGATE 
Coarse Sand - Wabash River Sand 
oTotal % Retained 'Tota 1 % Pass i ng 
0 10000 
2,,·8 97 .. 2 
5400 46.0 
8309 16. 1 
8708 1202 
9506 4.4 
10000 0 
Fine Sand - Lake Sand 
1702 8208 
2603 7307 
7000 3000 
9508 402 
10000 0 
Fract i ona 1 Value 
0 
208 
5102 
2909 
309 
7.8 
404 
100.0 
1702 
901 
4307 
2508 
402 
10000 
Batch 
2 
3 
4 
5 
6 
7 
8 
* See section 4.4b 
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TABLE 40 1 
DETERMINATION OF YIELD POINT OF 
ANNEALED STEEL RE~NFORCEHENT 
Sample Noo f (ksi) 
Y. 
20 <= Gauge 
1 4703 
2 5209 
3 5008 
4 4502 
1 5105 
2 5504 
3 5100 
4 5300 
1 '4904 
2 4904 
3 5404 
4 6007 
1 4808 
2 5407 
3 5008 
4 5005 
1 5202 
2 4802 
3 4704 
4 4808 
1 4808 
2 4700 
3 5008 
4. 5002 
16 .... Gauge 
1 3703 
2 3608 
3 3608 
4 3703 
1 3900 
2 3803 
3 3900 
4 3905 
for reductiono 
f (ksi) 
Yaveo 
4900 
52.7 
f aveo 
Y 
* 5305 5008 
-. 
5102 
4902 
. 4902 
3701 f aveo 
Y 
3800 
38 05 
U .. S. Sieve Size 
# 8 
#14 
#16 
#30 
#50 
#60 
#100 
Pan 
#50 
#60 
#100 
#200 
Pan 
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TABLE 4.2 
SIEVE ANALYSES FOR 
COARSE AND FINE AGGREGATE 
Coarse Sand - Wabash River Sand 
Total % Retained Tota 1 % Pass i n9 
2 .. 3 97 .. 7 
25.2 74.8 
27 .. 3 72 .. 7 
65.6 34 .. 4 
88.0 12.0 
90.9 9 .. 1 
96 .. 7 3.3 
100.0 0.0 
Fine Sand .... Lake Sand 
17 .. 2 82 .. 8 
26.3 73.7 
70.0 30 .. 0 
95.8 4.2 
100.0 a 
Fract i ona 1 Value 
2.3 
22.9 
2 .. i 
38 .. 3 
22 .. 4 
2.9 
5 .. 8 
3.3 
10000 
17 .. 2 
9 .. 1 
43.7 
25 .. 8 
4.2 
100.0 
Structure F4 
Test Noo Load No. Date 
601 26 May 861 
2 26 May 861 
602 1 29 May 861 
2 29 May 861 
3 29 May 861 
4 29 May u61 
5 29 May 861 
603 18 Nov. 861 
2 18 Novo °61 
3 18 Novo 861 
4 18 Novo'61 
5 18 Novo 861 
6 18 Novo 861 
7 18 Novo 861 
8 18 Novo °61 
TABLE 6" 1 
TEST CHRONOLOGY 
Panels Loaded Test Noo 
* 701 All @ 50 psf 
All @ 80 psf 
All @ 55 psf 702 
All @ 85 psf 
A 11 @ 135 psf 
All @ 185 psf 
All @ 235 psf 
All @ 80 psf 
All @ 165 psf 
All @ 280 psf 
All @ 385 psf 
All @ 480 psf 
All @ 530 psf 
All @ 570 psf 
All @ 620 psf 
Structure F5 
Load Noo Date Panels Loaded 
15 Aug 0 862 All @ 110 psf 
2 15 Aug. °62 All @ 220 psf 
1 15 Aug. °62 All @ 205 psf 
2 15 Aug. 862 A 11 @ 295 psf 
3 15 Aug. 862 All @ 395 psf 
4 15 Aug. 162 A 11 (ID 490 ps f 
5 15 Aug 0 862 All @ 585 psf 
6 15 Aug. 862 All @ 680 psf 
7 1~ Aug. 862 All @ 730 psf 
8 15 Augo 862 A 11 @ 650 psf 
9 15 Augo °62 E,F .H'&.J @ 850 psf 
10 15 Augo °62 E,f,H&J @ 960 psf 
11 15 Aug 0 662 E,f,~SJ @ 890 psf 
12 15 Aug 0 862 E,F,H&J @ 830 psf 
13 15 Aug 0 162 E @ 1350 psf 
14 15 Augo 862 E @ 13~0 psf 
* All values of nominal loads giv~n in the table include the weight of the slab and the load 
. distributing systeme 
I 
W 
....... 
8 
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TABLE 10. 1 
COMPARISON OF STEEL AREAS AT VARiOUS DESIGN SECTIONS 
Area of Steel in Square Inches 
Design Location Structure Structure Structure Structure 
F2 F3 F4 F5 
Wa 11 Strip A A 1M ISA s s s s 
Shallow Beam Side 
Interior Positive o. 125 o. 122 O. 123 0.077 
Exterior Positive 06156 0.141 o. 154 o. 108 
Interior Negat i ve 0.234 00215 0.232 o. 139 
Exterior Negative (58) 00218 0.200 0.216 o. 108 
Exterior Negative (DB) 0.234 0.221 0.232 00 108 
Deep Beam Side 
~nterior Positive 0.078 00080 0 .. 077 0.046 
Exterior Positive 0.078 0.080 0.077 0.046 
Interior Negative O. 109 00 140 00 108 0.046 
Exterior Negative (SB) 0 .. 123 00 122 0 .. 123 04046 
Exterior Negative (DB) 0.094 00091 0 .. 093 0.046 
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TABLE 1002 
COMPARISON OF STEEL AREAS AT VAR~OUS DESIGN SECTIONS 
Area of Steel in Squa re ~ nches 
Des i gn Locat i on Structure Structure Structure Structure 
F2 F3 F4 F5 
Interior,Mi.dd1e Strip A A 16A 16A s s s s 
Interior Positive 00172 00182 00170 00262 
Exterior Positive 00234 00228 00232 00370 
Interior Negative 00203 00184 00200 00262 
Exterior Negative (SB) 00141 00135 00 139 00170 
Exterior Negat i ve (DB) 00234 00231 00232 00 170 
Exterior Middle Strip 
Interior Positive 00 172 00 192 00170 00278 
Exterior Positive 00234 00238 00232 00401 
Interior Negative 00203 00 184 00200 00293 
Exterior Negat i ve (5B) 00141 00135 00 i 39 00170 
Exterior Negat i ve (DB) 00234 00231 00232 00170 
Column Strip 
~nterior Positive 00234 00231 00232 0.262 
Exterior Positive 00281 00262 00278 0.,370 
hlteri or Negative 00422 00429 00417 0.509 
Exterior Negative (5B) 00328 00303 00324 00278 
Exter i or Negative (DB) 00265 00231 00262 00278 

Wall 
strip 
@ 
I rz: ." . . . 
rt,.7 
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Middle 
Strip 
.... 100 .... 
tN 
Column Middle Column Middle Wall 
Strip Strip Strip Strip strip 
.. ~ 
---.. ... 
15" 15" 
q>-----
@ D~ 1 - @ 
- + ~ 
-+- _~ __ -1..-
SECTION 
FIG .. 2 .. 1 IAYOUT OF TEST STRUCWRES 
Beam 
Shallow L1 
L2 
Deep Ll 
L2 
1""" 15" 
1/4" 3-3/1~tI 
I 
3-3/4" I 3-3/4" 
... po I'llii II 
15" 
1/4" 
3/3211 Clear 
1/16"* 1/16" 
~==~==~~==~a I ~m~~==~====~==~ 
L1 
5 - 19-1/8" top 
5 -15-1/16" bottom 
3 -- 19-7/8" top 
3 -15-1/16" bottom 
No. Stirrups 
28 
28 
18 
18 
L2 
3/32" Clear~ 
11 
"NOTE: All beam steel 16-gauge wire 
Shallow Beam 
2 - 22-1/2" top 
4 -14-7/8" bottom 
Deep Beam 
1 - 22-1/2 11 top 
3 - 14-1/8" bottom 
Stirrups 
Size 
20-gauge wire 
20-gauge wire 
20-gauge wire 
20-gauge wire 
5 - 19-1/8tt top 
5 - 15 -1/16" bottom 
3 -19-1/8" top 
3 - 15 -1/16" bottom 
Spacing Each End From Face of Support 
10 @ 1/4", 1 @ 1/2", 3 @ 1-3/16" 
10 @ 1/4", 1 @ 1/2", 3 @ 1-3/16" 
8 @ 21/32n, 1 @ 1-1/8" 
8 @ 21/32", 1 @ 1-1/8" 
FIG.. 2 .. 2 STRUCTURE F4, BEAM DETAIlS 
o 
I
.. 5" 
3" 1 I " 7/16" i1~---"-
3/l6tr 1 
1-1/32" ~ 1/8" I 
20-Gauge Ties @ 3/4" 
5 -lb" 
"), Outside Edges 
:1' or 15/16" 
• ~ I C 1/4 It Ste~ Plate =rEi t 
----- .---- -- - tJ 
1/411 Ball ~ Center of Bearing 
t\IIty- -. .. 1./8 IS 
Corner Column " Interior Column Side Column 
Note: All ties constructed with 20-Gauge Wire. 
All vertical reinforcement constructed with 16-Gauge Wire. 
FIG .. 2 .. ; STRUCTURE F4, COWMN DETAILS 
1711 
5 32 
...-
(;) 
N 
• 
Wall 
Strip 
... 
1 
Middle 
Strip 
Column 
Strip 
® 
... 103 ... 
Middle 
Strip 
Column 
Strip 
3 
.. 
: 5~/21 
Wall 
Strip 
I 1 D@l/2" 1 ~@J.I ~2n l5@lV2U j
l 
l~ 5bB·i 1~L64" ~ _ lOO2~/6~" ~ ~.4"~ 
~~~~.~~-----+~--I----~-+~~~--~----'--r-~~~---+--~~-+ I ,;:::: 
1 @ 
Note: All bars in column strips were 11-1/4" in length. All bars in 
middle were 15-1/8" and 13-1/16" in length and were placed 
alternately.. All bars in wall strips were 13" in length. All 
bar diameters were 0 .. 0355" .. 
FIG .. 2.4 STRUCTURE F4, POSITIVE MOMENT REINFORCEMENT 
... 104 ... t:ddle Middle Column Middle Column Wall ~alll Strip Strip Strip 
- ~ 
Strip Strip Strip Str1p~ 
.. 
-I 1 ® (}) 00l15/32"l ~ rl 4@r/32" 
I 
I, 
I 
I 
I 
L6®5/8" @ 
Note: Bars over interior columns of column and wall strips were 
alternately 7-1/2 and 9-15/16" in l.ength.. Bars over exterior 
columns of column strip were alternately 5-11/16 and 4-7/16" 
in length with a 1/2" hook.. Bars in interior of middle strip 
were 7-1/2" in length.. Bars at the end of the middle strip 
were 4-7/16" in length with a 1/2" book.. Bars over exterior 
columns of vall strip were alternately 5-3/16 and 4-7/16" in 
lengtb with a 1/2" hook.. Bar diameter 0 .. 0355" .. 
FIG.. 2 .. 5 STRUCTURE F4, NEGATIVE MamNT REINFORC:EMENT 
... 105 .... t N 
Wall Midd1.e Column Middle Column Middle Wall 
~Str1p Strip Strip 
-
Strip Strip 
... 
St;rip Strip 
~ ~ I ~ t=-i i ~t;-eo.29n' g~l«>.}l" I '~ 26s0.~" 
~p.~n~' r 2~.}1" ~ -l.. 2~.}tL: !i' }EJi..2.)n I 
1 ~ I 1(6; ~ I i (\I (j) 
Rote: All bars in mid4le and COl.UDIl strips .. ere 15.0 in. or 7.5 in. 
in length and vere placed aJ:terna~. All b8:ra 1'D the wal.l 
strips were 15.0 in. in length. All. but diametera. were 0.0355 in. 
FIG.. 2" 6 STRUCTURE F5, POSITIVE MOMENT REINFORCEMENT 
.' .,,' 
@ ~.23" lIi '3@l..23n 3@l..2~ }(sll.2}"'/ ~ 
Bote: All bars !n middle and eol'WBBl strips were 1.50 in. in leDgthe 
All bars 1n vall. strips were lu.!I'lO in. in length with an 
additional 0.5 111. ~ hook. All bar diameters were O.0}S' in. 
FIG. 2.7 STRUCTUREF5, NEGATIVE MOMENT REINFORCEMENT 
7/16" L 15" 1 15" _ ..... 1 15" I ~ ri .... ]-... --'-r2-"-.I-------:=-----4--1-/-2 "~ ... I..... lt.--1-/-2 "------4--1~/2-"-'IIOot"11IIt-4--1-:-/2-"-- ~-1/2" ~ foe 
. f. 2-1 2" If-1(3" t2-~2" 1 12-1~2n ::~-!fl ~1" 1/16" 
1/2"=t= 
[
'- "A" bars T ~ "B" bar~ r- - "A" barsJ 
1/2" 
;/32" 
t= L ~ ~ - ~ -L ~n ~8L '!: ~ ~ _---L.II.LL.LLL. 
I ~ "D" 1 ~ "En 3)32 " 1 ~ liE" "D" ~ I 
- """ '" ~ I '" 'V I - ~t'r 
Shall.ov Beam (4 lIB 1/2") 
"A" bars - 16-Gauge Wire - 4 @ 5-1/2" 
"B" bars ... 16-Gauge Wire - 6 @ 9" 
"e" bars ... 16-Gauge Wire ... 3 @ 16" 
Deep Beam. (d lIB 1-}/8") 
"A" bars - 16-Gauge Wire - 2 @ 5-1/2" 
"B" bars - 16-Gauge Wire om 3 @ 9" 
"e" bars .... 16-Oauge Wire - 2 @16" 
Shear - Torsion Reinforcement 
"1>" spiral - 2O-Gauge Wire as 3" @ 1/4" 1nterval.a 
"E" spiral - 20-Gauge Wire ... 5" @ 1/lt." intervals 
FIG. 2 .. 8 STRUCTURE F5, BEAM DETAIIS 
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7/16" 
1/16" 
o 
..... 
• 
5 -?;" 
I 
OutsiM 
:races 
Shear 
Slab atHl' wlClAd 
to collmll steel. 
12 vertical bar. 
5" 
3" 1/16" 
1" 1 .. ;2 
+ 17" 
5 32 ' 
Ie. tie8 of Bo • .20 
gauge wire at 1-1/8" 
11 Tertical 
I~ 8 Tertical bus _. bars 1~:i" 0--] 
] 7/8" ~ t l-l" 11_-. ]15 IU, n 
7/S" D=.=5/16n 114" Steel Plate 7/8" ! ~ 
Corner Column Interior Column Side Column 
Bote: All vertical column reinfotrc~ment couisted of No. l6-ga,uge wire having a 
diameter of o.06} in. aDd a croaa-sectional area of 0.00,12 square in. 
A cover of 1/1.6 in. vas :provided • 
. 
FIG. 2.9 STRUCTURE F5, COLUMN DETAILS 
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FIG.. 3 .. 1 GENERAL VIEW OF FORMWORK 
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... 110 ... 
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1/4" Balsa--.....J 
1/4" Plywood 
4" x 1/4" Steel 
1/2" Filler Blocks 
1-1/4" x 1-1/4" x 1/4" 1-1/4" x 1-1/4" x 1/4" 
DEEP BEAM SIDE SHALLOW BEAM SIDE 
1/16" Balsa Top of Slab 
Balsa 
1/4" Plywood 
1/4" Balsa 
INTERIOR COLUMN 
FIG.. 3 .. 2 FORMWORK DETAILS 
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Plywood Form 
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FIG .. 3 .. 3 FORMWORK DETAILS 

(a) Bottom Vi E~W of Formwork (b) Structure with Reinforcement in Place 
(c) Structure After Form Removal (d) Structure After Form Removal 
FIG. 3.4 PHOTOGRAPI-1IS OF FORMWORK AND STRUCTURE AFTER FORM REMOVAL 
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(a) Co 1 umn 1 
(c) Column 6 
FIG. 3.6 PHOTOGRAPHS Of REINFORCEMENT IN PLACE 
(b ) Co 1 umn 1 6 
(d) Column i4 
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FIG .. 3.7 TEST FRAME LAYOUT 
Recess to Receive 
1/4" Ball 
Double Nut to 
be Used to Lock 
-116 ... 
I .1 
1/2" 
3/8" x 1-1/2" Hex Bolt 
Hex Nut Welded 
to Base Plate 
FIG. 4 .. 1 ADJUSTABLE COWMN BASE PLATE DETAILS 
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Drop Panel Form 
Column Form 
FIG .. 4 .. 2 COLUMN, CAPITAL, DROP PANEL FORM UNIT (INTERIOR COLUMN) 
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FIG .. 4 .. 3 GENERAL VIEW OF FORMWORK 
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2" 
Plywood Form 
1_1/8" 
Steel Plate 
I~ 1 ... 1/8" 
Steel Plate 
DEEP BEAM SIDE SHALLOW BEAM SIDE 
Steel Plate 1 .... 1 2" 
1/16" 
1/2" 
2" 
Plywood Form 
1" 
- 1/411 Plexiglas 
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~ 7/8" .1 
SIDE COLUMN 
FIG.. 4 .. 4 DETAILS OF BEAM FORM CROSS SECTIONS 
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(a) Connection of Shallow-Shallow Beams at Column 1 
(b) Shallow Beam Connection to Column 5 
FIG. 4.5 PHOTOGRAPHS OF REINFORCEMENT IN PLACE 
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(a) Connection of Deep-Deep Beams at Column 16 
(b) Connection of Deep-Shal low Beams at Column 4 
FIG. 4.6 PHOTOGRAPHS OF REINFORCEMENT IN PLACE 
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(a) Column, Beam and Positive Reinforcement in Place 
(b) All Reinforcement in Place 
FIG. 4.7 OVER-ALL VIEW OF THE REINFORCEMENT IN PLACE 
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(a) Hydraulic Jack and Load Tree 
(b) Hand Pump and Control Manifold 
FIG. 5.1 LOADING SYSTEM DETAILS 
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FIG. 6 .. 1 LOCATION AND DES IGNATION OF THE DEFLECTION DIAL GAGES 

-125-
I..IJ 
ex: 
:::::> 
I-
u 
:::::> 
ex: 
l-
V') 
1.1.. 
o 
c:J 
:z 
l-
V') 
I..IJ 
I-
N 
<..0 

-126-
(a) Top View of Instrumentation of 
Test Structure 5 
(b) Instruments Used During the Testing 
of Test Structure F5 
FIG. 6.3 INSTRUMENTATION OF TEST STRUCTURE F5 
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(a) Co 1 umn 5 
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... 133-
fN 
Shal..low Beam 
----
-I L .....J 
® 
Deep Beam 
FIG .. 1 .. 7 CRACK PATTERN ON ~ OF SLAB AFTER TEST TO FAIIlJRE 
... 134 ... 
r
N 
Shallow Beam 
@ 
l 
.@ 
® 
Deep Beam 
FIG. 7 .. 8 CRACK PATTERN ON TOP OF SIAB AFTER TEST TO FAIWRE 
-135-
(a) Crack Pattern on Top of Slab 
(b) Crack Pattern on Bottom of Slab 
FIG. 7.9 PHOTOGRAPH OF CRACK PATTERN ON TOP AND BOTTOM OF SLAB AFTER 
TEST TO FAILURE 
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(a) Crack Pattern After Testing the Structure 
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(b) Distress Near Midspan of a Deep Beam 
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(a) Structure F5 During Testing 
(b) Structure F5 After Testing 
FIG. 8.12 TEST STRUCTURE F5 AFTER TESTING TO FAILURE 
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(a) Crack Pattern on Top of Slab 
(b) Crack Pattern on Bottom of Slab 
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FIG. 8.16 INTERIOR PANEL AFTER TEST TO FAILURE 
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